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I. INTRODUCTION 
A. Mirror Nuclei 
The class of nuclei having the property that the mass 
number, A, and the proton number, Z, are related by A = 2Z + 1 
is called the class of "mirror nuclei". These nuclei are 
found among the light nuclei and are generally thought of as 
starting with the neutron and extending through Sc^. As 
implied in their class definition, mirror nuclei occur in 
pairs of nuclei, each nuclide of a pair having the same 
atomic number as the other but a different charge, or proton 
number. A mirror nuclei pair can be formed from each other 
by interchange of all protons and neutrons. One member of a 
mirror nuclide pair is radioactive, undergoing beta-decay in 
a transition to the other member. In the case of the two 
lightest mirror pairs, the neutron-proton pair and the IP-He-* 
pair, the low-Z member decays to the high-Z member by negatron 
emission. Starting with A = 11, the decay between mirror 
pairs is one of positron emission with the high-Z member the 
parent and the low-Z member the daughter nucleus. The region 
between A = 3 and A = n is complicated by the presence of 
nucléon emission instabilities for A = 5 and A = 9> while 
7 A = 7 is characterized by Be' undergoing electron capture to 
Li'7, insufficient energy being available for the mechanism 
of positron emission. 
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The experimental study of mirror nuclei has long been 
considered desirable for purposes of comparison to theoretical 
predictions. Since the parent nuclear system is quite 
similar to the daughter, several properties of nuclei and 
nuclear forces can be investigated with a minimum of complica­
tion in the case of mirror nuclei. The concept of a nuclear 
radius can be investigated by noting that the total dis­
integration energy is partly due to the change of nuclear 
coulomb energy when, for the mirror nuclei heavier than 
A = 11, there is a decrease in proton number, 2, from 
Z = - * 1 to Z = A ~ 1 as a result of positron emission. It 
is possible to find the change in coulomb energy from a 
knowledge of the total disintegration energy found by measure­
ments of the positron end-point energy and relate this change 
to an effective nuclear radius (l, pp. 31-37, 2, 3, 4). 
The question of charge symmetry in nuclear forces has 
been answered by studying the energetics involved in the 
decay of mirror nuclei. In the decay of a mirror nuclide, 
it is found that the energy available for decay involves only 
the neutron-proton mass difference, the electron mass, the 
coulomb energy difference, and a nuclear binding energy dif­
ference resulting from the difference of n-n and p-p forces. 
By examination of mirror nuclei data giving the maximum 
positron energies, it has been shown that there is only a 
slight, if any, difference between the n-n and p-p forces 
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(1, pp. 31-37)• The study of energy levels in mirror pairs 
has also shown evidence of charge symmetry of nuclear forces 
through the isobaric spin formalism (5, pp. 254-262). This 
result indicates that the nuclear forces between nucléons 
which give rise to the excited states are the same for parent 
and daughter nuclides, when effects due to coulomb and mass 
differences are taken into account. 
One property of the decay of a mirror nuclide which is 
of interest is its half-life. The half-lives encountered in 
the region A = 11 to A = 4l range from twenty minutes for 
C11 to less than a second for Sc^. Since the half-life is 
related inversely to the total decay probability of the 
parent nucleus, the experimental half-life is necessary in 
describing the decay interaction. In case the decay is 
composed of two or more competing interactions, or branches, 
the half-life must be modified accordingly to account for 
the decay probability of each transition. Since each branch 
decay forms a portion of the total decay, the half-life of 
each branch is longer than the experimental half-life by an 
amount which can be determined from knowing the branching 
ratio, or percentage of the total transitions made by each 
branch. A nuclear beta-decay characterized by branching is 
called a complex decay, and a branch occurs in the form of 
a transition to an excited state of the daughter nucleus, 
usually followed by emission of a nuclear gamma ray as the 
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daughter nucleus de-excites. 
The problems associated with the experimental study of 
mirror nuclei are unique. The production of the radioactive 
member of a pair is not often easily accomplished. For 
example, using photonuclear reactions, only half of the radio­
active mirror nuclides over the range A = 11 to A = 4l can 
be produced without the presence of contaminant activities. 
The half-lives of the heavier mirror nuclides are too short 
for common methods of investigation, so special methods must 
be used for their study. Also, the decays of the heavier 
mirror nuclei are quite energetic, which poses problems for 
energy analysis of the positrons emitted. Until recently, 
the direct observation of the decay of mirror nuclei had been 
done mainly with scintillation counters, which are more 
easily applied to spectrum analysis for short-lived decays 
than other methods because they can sample the entire energy 
range of the spectrum in a short period of time. The most 
recent investigations of mirror nuclei using scintillation 
spectrometer analysis of the positron spectra were those of 
various individuals at the synchrotron laboratory of Iowa 
State University (6, 7, 8, 9)• Subsequent to the time of 
these investigations, considerable effort has been spent at 
the same laboratory to further refine the scintillation 
technique, the refinements exposing new difficulties im­
possible to correct up to the time of this report. 
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Since the investigations above, two groups of investiga­
tions have been published reporting the analysis of positron 
spectra of mirror nuclei using magnetic spectrometer methods. 
Welch (10, 11) reported studying the decay of mirror nuclei 
with a l80° magnetic spectrometer in the mass region of 
A =19 to A =39. Kistner and co-workers (12, 13, 14, 15) 
used a thin-lens magnetic spectrometer to study the decays 
of 0^, A^5, and Ca^. Because of the significant difference 
in the energy resolution between magnetic and scintillation 
spectrometers and the fact that the magnetic spectrometers 
were applied to study mirror nuclei more recently than the 
latest scintillation efforts, the magnetic methods should be 
considered to have given more accurate results for the positron 
end-point energies. 
Recent determinations of the half-lives of parent mirror 
nuclides have been made by Welch (10, 11), Kistner and co­
workers (12, 13, 14, 15), Mihailovic and Povh (l6), Arnell 
and co-workers (17), and Cline and Chagnon (18). There is 
excellent agreement between these determinations, indicating 
that the total transition probabilities of the mirror nuclei 
are now well known. In addition to the half-life, a deter­
mination of the branching in each decay is necessary to 
complete the experimental picture. Hunt (8) reported seeing 
no evidence for branching in several mirror nuclei by means 
of a search for the gamma radiation following branching. 
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Kistner and co-workers (12, l4), using the same approach, 
found weak branching in the decay of A3^? but none in that 
of Ca39. No gamma rays have been found in the decays of 
C11 (19), N13 (19, 10), F17 (21, 22), Ne19 (23, 24), Na21 
(24), and Mg23 (23). Branching ratios of less than one per 
cent have been indicated by the presence of gamma rays in 
the decays of Ai2^ (25, 26), P29 (27), and CI33 (28). 
Welch (11) approached the problem of branching by looking 
for secondary beta groups in the beta ray spectrum analysis. 
He found evidence of branching in all the mirror decays from 
A = 19 to A = 35 except for the decays of Na2^ and Al2^. 
Scobie and Lewis (29) have reported an electron capture 
11 
branch in the decay of C 
B. Nuclear Matrix Elements 
Fermi (30) first formulated a theory describing the 
interaction involved in beta decay. By the use of first-
order perturbation theory, the transition probability per 
unit time for a transition from a given initial state to a 
given final state is 
N = (j < f ) HintJi> | 2) d//dE , 
where d/VdE is the density of final states per unit of total 
i nt) 
energy, and H is the interaction Hamiltonian for the 
system. For the process of beta decay, n p + e~, Hint 
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is considered to arise from a point interaction, where its 
matrix element is then proportional to the probability ampli­
tudes of the interacting particles at a point and integrated 
over all points in the interaction volume, or nucleus. The 
interacting particles are described by 4-component spinor 
wave functions, and the requirement that the interaction be 
Lorentz invariant limits the possible number of bilinear 
covariants to five: the scalar, 4-vector, antisymmetric 
4-tensor, axial 4-vector, and pseudoscalar. For allowed 
transitions, such as those in mirror nuclei, any velocity-
dependent terms are neglected, effectively making the inter­
action a non-relativistic limit. Under this limit, the 
scalar and axial vector terms reduce to the unit interaction, 
1, the tensor and axial vector terms reduce to the spin inter­
action, CT , and the pseudoscalar interaction is neglected. 
In the non-relativistic limit also, the light particle, or 
lepton, wave functions are approximately constant over the 
nuclear volume so that the square of the allowed transition 
matrix element is as follows : 
l<fiHintii>i2 = F(z,p)|cFr<f/a3xf2 + cGIr?f/d3xfW, 
where' Cp is the Fermi coupling constant, giving the strength 
of the combined scalar and vector interactions, is the 
Gamow-Teller coupling constant, indicating the strength of 
the combined tensor and axial vector interactions, <p's are 
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the wave functions of neutral particles, F(Z,p) indicates the 
nuclear coulomb effect on the electron wave function in the 
nucleus, capitalized wave functions are those of the nucléons, 
and the superscript indicates complex conjugation of the 
particle wave functions. The integrals Jd3x*B*$ and 
/d3x are called the nuclear matrix elements and are 
commonly abbreviated to J1 and fcr, respectively. It is 
presently thought that the Fermi interaction consists only 
of the vector interaction, while the Gamow-Teller term is 
due to the axial vector interaction (31, 32). 
The density of final states in the interaction volume 
is found to be 
df/dE = ?2 (mc)6 p2 q2 dp -4=- , 
J h mc 
where p is the electron momentum and q is the neutrino 
momentum. Summing the transition matrix over the lepton 
spins, the transition probability per unit time of emitting 
an electron in the momentum range dp is, then, 
WpJdp = F(z,p)[cj;|/i|2 + c|j|/r| 9-%^ p2 q2 ^ 2 
4 h mc 
= ( constant )[^Cp | |l) 2 + cq^I Jtfi 21 F(z,p) p2 Q.2 dp . 
But, q = - W, p2dp = pWdW, where W = v(l + p2) is the 
total electron energy expressed in units of mc , and W is 
the maximum total electron energy. Thus, integrating over 
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the final electron momentum states, the total transition 
probability is 
N = Isa = (constant) [cp|/l| 2 + C^|jo*|%^°F(Z,p) ¥p(¥q- ¥)2d¥. 
2" 
rWn Q 
The integral J ^  F(Z,p) ¥p(WQ - W) d¥ is abbreviated f(Z,¥'0), 
and the product f(Z, ¥0) is called the comparative life­
time of the transition. The equation 
f ti = (constant) (Cp|jl|2 + C^l/cf)2)-1 
shows that the comparative lifetime can be interpreted as a 
measure of the magnitude of the nuclear matrix elements. 
In the case of mirror nuclei, both Fermi and Gamow-Teller 
interactions are allowed in the ground-state to ground-state 
transitions. It can be shown that these interactions have 
the following selection rules for a transition (5, pp. 677-
679): nuclear spin change is 0 for Fermi; 0, + 1 (no 0-*0) 
for Gamow-Teller; and the parity must not change between 
initial and final states. It is seen, then, that the Fermi 
interaction involves the emission of leptons in a singlet 
spin-state with no orbital angular momentum carried away by 
the leptons, whereas the Gamow-Teller interaction describes 
emission in a triplet state, with no orbital angular momentum 
carried away by the leptons. 
For a mirror pair the calculation of the nuclear matrix 
elements can be carried out, with that for the Gamow-Teller 
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matrix element dependent upon the nuclear model chosen. The 
calculation of the Fermi matrix element depends only on the 
assumption of charge symmetry of nuclear forces in the case 
of mirror doublets and it is equal to 1 for all mirror transi­
tions (33» pp« 171-176). In the investigation of mirror 
nuclei, therefore, the determination of the maximum positron 
energy and the half-life for the transition lead to a value 
for the comparative lifetime of the transition which can then 
be used to calculate the Gamow-Teller matrix element for the 
transition. Experimentally determined Gamow-Teller matrix 
elements can then be compared to those calculated from dif­
ferent nuclear models to suggest which, if any, model rep­
resents the experimental situation. Any model favorably 
selected by such a comparison should also predict the 
energies, spin and parity assignments, and the wave functions 
corresponding to the excited states of the nuclei for which 
the comparisons are made. In the case of the wave functions, 
experimental evidence on the presence or absence of con­
figuration mixing in the levels may be applicable in predic­
tions of possible intensities of branching to the excited 
levels. 
Prior to making any far-reaching comparisons, however, 
it is necessary to have assurance that the comparative life­
times and the ratios of the squares of the coupling constants 
for Fermi and Gamow-Teller transitions are known accurately. 
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Kistner and Rustad (15) have determined the ratio of the 
squares of the coupling constants for at least the heavier 
mirror decays using data from pure Fermi decays and the 
"doubly closed shell + 1 nucléon" transitions of 0^ and F^7, 
for which shell model calculations of [/cr/2 are thought to 
be reliable. The values of //cr|2 for Ca39 and H3, when 
corrected for magnetic moment effects, agree with the ex­
perimental values, using the ratio which was determined to 
2 2 be cG-p/Cp = l«l6 in the last of a series of various approaches 
to the problem by different investigators (15, 34, 35, 36). 
Also lacking for the purposes of comparing the empirical 
Gamow-Teller matrix elements with calculated elements is the 
availability of calculations of Gamow-Teller matrix elements 
covering a large number of mirror nuclei and using many dif­
ferent nuclear models. Only a few such evaluations are 
available (33, pp. 171-176, 34, 37, 38, 39, 40). 
C. Statement of the Problem 
Following the discussion of the previous sections, the 
question is raised, what further investigation is desirable 
in the study of mirror nuclei? Clearly it is desirable to 
determine the values of the comparative lifetimes as ac­
curately as possible. Since the errors in the best available 
values are rarely below five per cent, and commonly near ten 
per cent, and since the value of f(Z,W0) is quite sensitive 
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to variation in W , more accurate experimental determinations 
for W0 are desirable. The recent use of magnetic spectrometers 
for this purpose has brought more confidence into the values 
for W0, but improvements are needed in the direction of ob­
taining better counting statistics on the spectral data, and 
in checking more closely for systematic errors in the equip­
ment. The extensive survey by Welch (11) shows a need for 
higher counting rates and his results appear to exhibit an 
instrumental sensitivity change at about 2.7 Mev. However, 
because the resolution of his instrument is a factor of six 
or more better than that obtainable using scintillation 
methods while studying the same spectra, acceptance of his 
measurements for W0 is imperative at the present time. It 
is conceivable that developments in scintillation and mag­
netic spectrometer techniques will allow forthcoming meas­
urements for W0 of higher reliability. 
More calculation of Gamow-Teller matrix elements for 
all mirror nuclei is needed using all the presently conceived 
nuclear models. The calculations are not trivial except in 
the simplest schemes, but certainly the future efforts in 
this endeavor will be very meaningful. 
Not to be overlooked in the experimental status of mirror 
nuclei is the determination of the transition rate, The 
measurements of tj. have errors mostly between one and five 
2 
per cent. Furthermore, the evidence of the presence or 
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absence of branching in mirror nuclei transitions is qualita­
tive in all but a few cases. To have an accurate picture of 
the transition rate for the ground-state to ground-state 
transitions, then, not only must the total decay rate be 
known accurately, but the effects of branching by electron 
capture and ground-state to excited-state transitions need 
to be known. For example, a precisely known half-life value 
will not be accurate for description of the main transition 
if a weak undetected branch is present. The experimental 
picture of the decay interaction is subject, therefore, to 
inaccuracies arising from incomplete investigation of the 
scheme of decay. 
The purpose of this experiment is in accord with the 
statements of the last paragraph. It is recognized that very 
little earnest investigation has been carried out in the past 
expressly looking for branches of ground-state to excited-
state transitions in mirror nuclei. The observation of 
branches can be made in two ways : identification of secondary 
positron spectral groups by the appearance of the positron 
spectrum, or by identification of nuclear gamma rays follow­
ing the branch transitions. The first method is not a 
desirable approach when scintillation methods are utilized 
since weak branches would escape notice due to the poor 
resolution of the spectrometer. A magnetic spectrometer, 
with its much better resolution, offers a better chance of 
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observing even fairly weak branches. However, it is dif­
ficult to observe weak low-energy beta groups since experi­
mental difficulties always tend to give a larger number of 
low energy counts. These might then be interpreted as a 
secondary beta group. 
Observation of the nuclear gamma rays following branch­
ing transitions is handicapped by the presence of large 
amounts of positron annihilation radiation and of the con­
tinuous gamma ray spectra obtained as a result of positron 
annihilation-in-flight and bremsstrahlung production. 
Certainly the observation of gamma rays in the vicinity of 
0.511 Mev, the energy of annihilation radiation, would be 
hampered, especially if the branch should happen to be quite 
weak. If the transition occurs to an excited state of energy 
greater than 0.511 Mev, the gamma radiation following branch­
ing could be seen as a "bump" on the continuous spectrum from 
bremsstrahlung and annihilation-in-flight. Still, if weak 
branching occurs, the methods of spectrum analysis only 
recently available would be necessary to see such "bumps" 
due to high-energy gamma rays. 
In this experiment, the identification of branching was 
made by searching for gamma radiation. The region around 
0.511 Mev was cleared of most of the disturbance from an­
nihilation radiation by a method described later, and this 
method also made possible better detection at higher energies. 
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21 The mirror nuclei investigated were chosen to be Na , 
Mg23, Al2'*, Si27, S3"*", and Ca39. These nuclei can all be 
made rather easily by irradiating their naturally occurring 
elements in the X-ray beam of the Iowa State University 
Synchrotron. Na2\ Mg23, Si27, and S3^ were chosen because 
of their relative purity of production from natural Na, Mg, 
2e) Si, and S, respectively. Al y was included in the investiga­
tion despite the fact that more Al26m was produced during 
bombardment because no gamma rays from the decay of Al26m 
are known to occur. Even though Kistner and Rustad (lU) have 
placed a small upper limit on branching in the decay of Ca39, 
this nuclide was included in the experiment because of its 
prominent role in recent investigations. Some K3^ was ex­
pected to be present in the Ca39 investigation, but would 
not affect the energy range of interest. 
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II. EXPERIMENTAL INVESTIGATION 
A. Development of the Method 
The experimental method used to observe the gamma radia­
tion following branching transitions in the mirror nuclei 
investigated underwent considerable evolution before it was 
considered adequate for use. When the problem was first 
considered, an energy spectrum analysis of the singles gamma 
radiation in the decay of Mg23 was made, using a Nal(Tl) 
scintillation crystal coupled to a photomultiplier tube as 
the energy-sensitive detector and an electronic 256-channel 
pulse-height analyzer for analysis of the gamma-ray spectrum. 
A more complete description of the detector system and the 
analyzer will be given in Section C of this chapter. 
In the case of the decay of Mg23, there was reason to 
suspect a positron transition to the first excited state of 
2*2 
Na J would be present from consideration of the spins and 
parities involved, and it was felt that this transition would 
be of appreciable intensity. A preliminary investigation of 
the ordinary (singles) gamma-ray spectrum indicated that, 
indeed, this branching transition may be present. At the 
expected gamma-ray energy of 0.440 Mev, just below the 
prominent photopeak of the 0.511 Mev annihilation radiation, 
a noticeable "bump" was seen on the spectrum, which is 
evident in Figure 13(a). An attempt was then made to estimate 
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the intensity of this gamma ray with respect to the annihila­
tion radiation peak by obtaining a Mg23 spectrum of high 
precision and subtracting from this spectrum an equally 
precise spectrum of , normalizing the spectra at the peak 
value of annihilation radiation. With both sources, the 
spectra were obtained by viewing the source through an 
aluminum absorber with a scintillation counter, the absorber 
being present to keep positrons from entering the crystal. 
This technique of subtraction of two spectra showed only 
that the subtraction of two large numbers was not statistical­
ly effective in showing up a small difference. There were 
indications that the gamma ray in the Mg23 decay was present, 
but problems involving the effects due to the difference in 
po 11 
end-point energies of the decays of Mg and C were un­
determined and could have masked the identification of the 
gamma ray. Certainly, this method was not one in which a 
clear-cut observation of the gamma ray could be made. Using 
1 O Q 
this method, too, the production of I in the detection 
crystal from neutron activation while the synchrotron beam 
was turned on would have had to be taken into account, since 
its intensity could have been different for the two singles 
spectra determinations. 
Because of the fact that the singles spectra showed an 
enhancement of annihilation radiation by a factor of two 
compared to any gamma radiation present (there are two an­
18 
nihilation quanta emitted per positron emitted in the decay 
compared to, at most, one gamma ray at a particular energy), 
a coincidence method was devised to try to depress the 
annihilation-to-gamma ratio. In one method (which was un­
successful), the gamma radiation entering a Nal(Tl) detection 
crystal was accepted for energy analysis only if it was co­
incident with positrons entering an anthracene detection 
crystal on the opposite side of the source. The coincidence 
circuit used had a resolving time of two microseconds and 
was contained in the circuitry of the 256-channel analyzer. 
This technique did little to improve the observation of the 
po 
possible gamma ray from the Mg J decay because the resolving 
time of the coincidence circuit was too long. This allowed 
too many accidental coincidences to be analyzed. Also, the 
geometry used permitted some of the annihilation radiation 
originating in the anthracene crystal to be detected by the 
Nal(Tl) crystal. 
The problem of observing the 0.440 Mev gamma ray from 
the decay of Mg23 was reviewed, and the conclusion was reached 
that a drastic reduction in the ratio of annihilation radia­
tion to gamma radiation was necessary before any estimates 
of intensity of the branch transition could be made. One 
possible answer to the problem was to view the source with 
a Nal(Tl) scintillation detector but to make the positrons 
annihilate at some region of space from which the detector 
19 
could be shielded. An intensive effort was initiated to see 
if the positrons could be magnetically deflected from the 
detector or removed from the region around the source and 
made to annihilate at a known position or region away from 
the source and detector. If this were possible, the detector 
could be shielded from the region of annihilation and allowed 
to view the source without interference originating from the 
annihilation of the positrons in the decay. 
The first attempt along this line of approach was based 
upon the work of Morinaga and Bleuler (41), who used magnetic 
deflection of positrons from the decay of P3° in an effort 
to reduce the gamma-ray background due to annihilation in 
flight while looking for a weak gamma ray in Si3°. Using a 
22 thin Na source, which emits a gamma ray in its decay to 
op 
Ne as well as positrons, an arrangement similar to that of 
Morinaga and Bleuler was tested. A magnetron magnet was 
positioned between the source and detector so that positrons 
initially directed toward the detection crystal were deviated 
from this path by the magnetic field and made to strike an 
annihilator or the magnet pole pieces, both of which were 
shielded from the detector. Although some depression of the 
annihilation radiation peak was observed with respect to the 
intensity of the gamma-ray peak, the improvement was not 
sufficient for use in detecting the Mg23 gamma ray. 
It was felt that the magnetron magnet did not have a 
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strong enough or extensive enough magnetic field to deflect 
the positrons sufficiently for the desired effect. A large 
"C" electromagnet, capable of producing a field of ten 
kilogauss and with pole pieces twenty inches in diameter was 
used next, with the source placed in the magnetic field and 
the detection crystal a short distance away, shielded from 
the pole faces. It was thought that this arrangement would 
cause the positrons to describe helical paths of small radius 
toward the pole faces where they would then annihilate. 
Comparisons of the annihilation radiation detected with the 
field on and off showed that very little annihilation radia­
tion suppression was achieved. Measures were taken to cor­
rect such intervening factors as annihilation of the positrons 
in air, scattering of the positrons by air, annihilation in 
the source, and the shape of the magnetic field giving rise 
to a trapping effect leading to a magnetic bottle, but these 
corrective procedures in turn did not yield any further im­
provement. 
The magnetic methods attempted, then, did not bring the 
desired results, and the development of the method again 
turned to the use of coincidence techniques. Since the 
previous coincidence method failed to depress the annihila­
tion radiation mainly because of the slow resolving time of 
the coincidence circuit which allowed accidental coincidences 
to be intolerably frequent, a fast coincidence circuit was 
21 
-8 
constructed which had a resolving time of about 10" seconds. 
The detectors for the fast coincidence circuit consisted of 
two Nal(Tl) detection crystals coupled to l4-stage photo-
multiplier tubes and arranged so that the detectors were 
placed with their axes at a right angle. The source under 
investigation was placed at the apex of the angle and beyond 
any line connecting any portions of the detection crystals 
so that both annihilation photons (which are emitted in op­
posite directions) could not enter the two detectors. The 
analysis of the gamma radiation incident upon one crystal 
which was in fast coincidence with annihilation or gamma 
radiation incident upon the other crystal showed a marked 
op 
improvement, for the case of Na , of gamma-ray intensity 
compared to the annihilation radiation intensity. However, 
application of this method to the decay of Mg^3 did not allow 
clear observation of the gamma ray, but did indicate more 
strongly than had been done before that the gamma ray was 
present. 
It was decided that further modification of the equip­
ment was necessary on the basis of the above results. As it 
was, the equipment would register a gamma ray from the de­
tector leading into the 256-channel analyzer which was co­
incident with annihilation radiation incident upon the other 
detector. The arrangement was symmetric, however, in that 
a gamma ray incident upon the second detector could allow 
22 
analysis of coincident annihilation radiation incident upon 
the first detector. An asymmetry was introduced into the 
system so that one detection channel responded only to the 
energies of incident radiation which were in the photopeak 
of annihilation radiation, and this channel gated the 256-
channel analyzer which then analyzed coincident radiation 
incident upon the other detection channel. 
A slow coincidence circuit, an amplifier, and a single-
channel analyzer were incorporated in the system to provide 
the asymmetry needed as mentioned above. With the modifica­
tion, the system had a manner of operation operation 
described below: Channel 1, consisting of a detection crystal 
and photomultiplier tube, was fed into the fast coincidence 
circuit and the amplifier and single-channel analyzer system. 
The outputs from Channel 2 were directed to the fast co­
incidence circuit and the single-channel analyzer of Channel 
1 were directed into the slow coincidence circuit,, whose 
output gated the 256-channel analyzer for analysis. Thus, 
with the window of the single-channel analyzer set to accept 
energies in the photopeak region of annihilation radiation, 
a signal from Channel 2 was analyzed only if it was in fast 
coincidence with radiation incident upon Channel 1 which had 
the same energy as annihilation radiation. 
The experimental system just described above was the 
one used in the search for gamma rays in mirror nuclei. Using 
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Na , the coincidence spectrum obtained exhibited a great 
reduction of annihilation radiation intensity compared to 
that for the gamma ray, which can be seen by comparing 
Figures 10(b) and 11. The first use of this method to study 
the decay of Mg2^ enabled the observation of the 0.440 Mev 
gamma ray with unmistakable identity and easily estimated 
intensity. 
B. Sample Materials 
The radioactive mirror nuclides for which the branching 
investigations were made in this experiment were produced by 
bombardment of their stable elements in the 45 Mev X-ray beam 
of the Iowa State University Synchrotron. The production of 
these nuclides was accomplished by means of the (Y,n) or 
(V,2n) photonuclear reactions. The reactions actually used 
were Na^OT,2n)Na2^, Mg2\y,n)Mg23, Al27(y^n)Al2^, 
Si2®(y,n)Si2'7, S:>2(y>n)S^1) and Ca^(Y,n)Ca^. In the case 
of Al2^(y,2n)Al2^, the competing and more intense activity 
from the reaction Al2'7(Y,n)Al2^m was also observed, but this 
was not the situation for Na2^(y,2n)Na2\ due to the long 
op 
half-life of Na and the subsequent difficulty of observing 
it for the short bombardment and counting times used. 
Not to be overlooked as competing photonuclear reactions 
were those of (2f,p) and (Y,pn). In all cases the (2f,p) 
process on the above target nuclei resulted in stable nuclei, 
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while for the (c^pn) reaction, only Na2^ and Al2^ resulted 
ph. pp 
in stable nuclei, although Mg ( *\pn)Na was not expected 
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.to be troublesome due to the long half-life of Na . In the 
cases of Si2®, S-^2, and Ca^, the (X",pn) reaction yielded 
Al2^m, p3<-l? and respectively. Of these radioactive 
products, only K^® was observed in the gamma-ray spectra, 
since it was the only activity with a branching transition 
of more than one per cent. The (Y,pn) reaction was expected 
to yield less activity than the ( Y,n) reaction by at least 
an order of magnitude, so branching transitions of about five 
per cent intensity or more would have been necessary to have 
been observed by the method employed in the investigation. 
The decay of K^® was observed, as the positron decay is 
entirely a ground-state to excited-state transition, with 
the resulting gamma ray from A^® of 2.16 Mev. However, since 
this contaminating activity was present only in the in­
vestigation of branching in Ca^, where the gamma-ray energy 
region close to 2.53 Mev was important, it was tolerated, for 
it did not affect the energy range of interest. 
The effect of (Y,2n) reactions on Mg2*4, Si2®, S^2, and 
40 22 Ca was not considered to be of great concern. Mg , while 
existent (42), has a half-life of only 0.13 seconds and so 
was not of concern after the delay of over one second in the 
analysis cycle occurring between the end of bombardment and 
the start of analysis in the experiment. The decay scheme 
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of Si2^ is unknown (42), so its effect on the experiment was 
undetermined although, as was true for the other (^,2n) reac­
tion products, the amount of Si2^ produced was about an order 
of magnitude less than that of Si2^, and any weak branching 
in the decay of Si2^ would not have been readily noticeable. 
S30 is not known to exist, so presented an unknown effect 
in the investigation of S^. Ca^® was present (43), but its 
decay had a branch with a gamma ray of energy 3•5 Mev, so did 
not affect the Ca-^ investigation. 
Contamination due to isotopic variations in the sample 
21 2 e) 
materials was not present in the studies of Na and Al , 
since stable Na and Al are mono-isotopic. Although the sample 
materials of Mg, Si, S, and Ca had more than one isotope, 
in all cases the mirror nuclide investigated was produced 
by the (<f,n) reaction on the most abundant isotope of each 
element, the photonuclear reactions on the other isotopes 
yielding either stable nuclei or nuclei which decayed by 
emitting negative electrons, for which there was no annihila­
tion radiation with which the gamma rays of some of these 
decays could be in coincidence. Thus, even though some of 
the contamination resulting from the isotopic non-purity of 
the target elements were observed in the singles gamma-ray 
spectra of the investigations, it was absent in the coincidence 
spectra. 
The samples were irradiated in the 45 Mev X-ray beam of 
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the synchrotron for a period equal to about three half-lives 
of the activities desired and were then transported by means 
of a pneumatic shuttle system to the experimental equipment 
for analysis, a distance of twelve feet. After analysis for 
a period equal to about three half-lives of the activities, 
the samples were drawn back to the irradiation position and 
the cycle repeated. As many as 1000 cycles were made in a 
single "run" in the investigation of the activities. The 
pneumatic shuttle tube consisted of a length of aluminum 
tubing with rectangular cross-section. The samples were 
transported in sample holders consisting of a balsa wood 
block with a cavity in it to accommodate the sample. Sample 
holders like that illustrated in Figure 1(a) were used for 
the Mg and Al samples, which were formed of laminations of 
thin sheets of metal. The sample holder pictured in Figure 
l(b) is typical of those used with samples of Ha, Si, S, and 
Ca. Not illustrated is the covering of one mil mylar film 
on each side of the holder at the site of the sample which 
protected the sample and sealed it from the air. One sample 
holder of each style was made with no sample, but was 
identical otherwise, these holders being used during the in­
vestigations to provide a monitor for the background activity 
produced in the sample holder by the X-ray beam of the 
synchrotron. 
The samples were made thick simply to obtain as much 
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( a )  
(b )  
Figure 1. Drawings of the sample holders used in the 
experiment 
(a) Sample holder for Mg and Al 
(b) Sample holder for Na, Si, S, and Ca 
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activity as possible, and because the gamma radiation present 
was attenuated less by the samples than by the brass an-
nihilator into which the samples were transported for analysis. 
The radiation thickness of the samples depended, of course, 
on the density of the sample materials. The linear thickness 
of the samples was one-half inch. The circular samples were 
1-1/8 inches in diameter, and the laminated samples had 
dimensions of 1-1/2 inches by 1-1/8 inches. 
The sample materials used in this experiment were all 
elemental. The Mg and Al samples consisted of thin sheets 
of metal, laminated to form a thick sample. The S sample was 
in the form of a large pellet made by pressing powdered sulfur 
in a hydraulic press to a pressure of 6000 pounds per square 
inch. The Si sample was shaped from an ingot of pure silicon, 
and the Ca sample was pieced together from slivers of 
multiply-distilled calcium metal stored in an argon at­
mosphere. The calcium sample developed a very thin outer 
layer of oxide upon exposure to the air, but covering the 
sample with mylar film arrested the oxide formation at an 
early stage. The Na sample was in the form of a molded pellet 
of sodium metal, which was molded and mounted in the sample 
holder while in a dry argon atmosphere. 
Since sodium reacts so strongly with the water vapor in 
the air to form NaOH, a special sample holder was made to 
contain the sodium sample. This holder was identical in 
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dimension and shape to that pictured in Figure 1(b), but 
differed in that the half of the holder containing the sample 
was constructed of plexiglass, with a balsa wood skid running 
along the bottom so that it would move smoothly in the 
aluminum transport tube. This modification was made for the 
sodium sample in view of experience. An ordinary balsa wood 
sample holder had been used initially to contain the sodium 
sample, but the balsa wood proved porous enough to allow 
water in the air to come in contact with the sodium as well 
as the water bound in the balsa block. The resulting reac­
tion corroded through the sample holder and exposed the sample 
to the aluminum of the shuttle tube. The corrosive action 
on the aluminum tube made the aluminum surface sufficiently 
coated to impede the transportation of the shuttle in the 
tube. 
The elements used as samples in the investigations were 
all of good chemical purity, at least 99.5 per cent pure. 
The silicon and calcium samples were prepared at the Ames 
Laboratory of the Atomic Energy Commission, and the sulfur 
and sodium samples made from reagent grade materials. The 
magnesium sample was made of strips of spectroscopically pure 
magnesium metal, while the aluminum sample was made from 
strips of ten mil soft aluminum sheet metal, for which a 
spectrographic analysis showed very little impurity content. 
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C. Description of the Experimental Apparatus 
1. Detection of gamma rays 
The detection of gamma rays is dependent upon the inter­
action of the gamma rays with matter. There are three major 
modes for this interaction, the photoelectric effect, the 
Compton effect, and the pair production effect. In each of 
these modes, a photon is removed from an incident beam in a 
single event. The photoelectric effect is the dominant inter­
action at low photon energies, and its contribution to the 
total interaction probability increases as the Z of the ab­
sorbing material is increased. This effect describes the 
process by which the photon gives up all of its energy to a 
bound atomic electron which then breaks its binding to the 
atom with part of the energy and assumes the rest of the 
energy as kinetic energy. For the case of Nal, the photo­
electric effect is dominant in the gamma-ray interaction at 
energies below 0.2 Mev. 
The most important interaction to consider in terms of 
ordinary gamma-ray detection is that of the Compton effect. 
This effect is dominant in the interaction of gamma rays with 
materials for the energy in which gamma rays are most com­
monly found, which is around one Mev. The Compton effect 
consists of scattering of the incident photons by atomic 
electrons, where the energy of the incident photons is much 
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greater than the atomic binding energies of the electrons, 
and the electrons are treated as being unbound and at rest. 
For Hal, the Compton effect is dominant in the gamma-ray 
interaction for energies ranging from 0.2 Mev to 3 Mev. 
Starting at 1.022 Mev and increasing in importance with 
energy until it dominates the interaction at high energies 
is the pair production effect, in which the photon disappears 
in a Coulomb field, creating an electron-positron pair which 
share a kinetic energy equal to the photon energy minus the 
mass energy of the pair. For Hal, pair production dominates 
in the gamma-ray interaction for energies higher than 3 Mev. 
A more detailed description of the interaction of gamma radi­
ation with matter can be found in the literature (44). 
For the purpose of detection, an important feature of 
the interaction of gamma radiation with matter is that 
ionizing particles are the results of the interaction. Thus, 
a detector which can detect electrons can also be used to 
detect gamma rays. Gas counters, such as Geiger counters 
and proportional counters, can be used to detect gamma radia­
tion, but their efficiency of detection is very low at common 
gamma-ray energies due to the low probability of gamma radia­
tion interacting with the detection volume or the inside 
surface of the container. However, Geiger counters can be 
used in many experimental applications for the detection of 
gamma rays. Proportional counters are quite similar to 
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Geiger counters but have the additional useful property that 
the height of the electrical output pulse is proportional to 
the energy lost in the counter by the ionizing particle. 
Thus, while Geiger counters can be used only to detect gamma 
rays, proportional counters can be used to analyze the 
energies of gamma rays, but with an efficiency of only about 
one per cent. 
The three processes for the interaction of gamma rays 
with matter outlined above all produce ionizing particles but 
in conjunction with secondary, or modified, gamma radiation. 
The photoelectric effect produces a photo-electron which is 
accompanied by X-radiation in the atom from which the photo-
electron was emitted. The Compton effect produces a so-called 
Compton electron, but in conjunction with a scattered photon, 
or modified photon. The production of pairs is always ac­
companied by annihilation radiation as the positron an­
nihilates at rest or while in flight. Thus, the use of the 
proportional counter in analysis of the energies of gamma 
rays is limited not only by its inability to intercept a 
gamma ray, but also because the modified gamma radiation 
after an interaction is likely to escape the detection volume, 
leaving only a fraction of the energy of the original gamma 
ray detected by the counter. 
Modern methods of gamma-ray detection utilize a device 
known as a scintillation counter. The scintillation counter 
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consists essentially of two parts : a scintillation medium, 
in which light is produced by moving charged particles, and 
a photomultiplier tube, which converts light into electrons 
by the photoelectric effect and multiplies the electrons to 
produce a detectable signal. The scintillating medium 
usually used for detecting gamma radiation is a solid single 
crystal of Nal(Tl). Nal(Tl) is especially suitable for this 
purpose in that it is a dense material which contains high-Z 
atoms (of iodine), and it produces a large number of light 
photons per Mev lost by ionizing particles, this number being 
independent of the energy of the particles. The density and 
high-Z content of a Nal(Tl) crystal are important when con­
sidering the probability with which gamma rays will interact 
with the crystal and which modes of interaction are used. 
The high-Z content favors complete absorption of gamma rays 
since the photoelectric and pair production effects are en­
hanced and the X-rays left by the photoelectric effect and 
the annihilation quanta resulting from pair production are 
rather easily absorbed. The Compton effect, however, gives 
rise to energetic modified photons which may more easily 
escape the crystal and prevent complete absorption of the 
gamma-ray energies. The fact that the light output of a 
Hal(Tl) crystal is linearly related to the energy lost in 
the crystal is a result from the property that the light 
produced in the crystal per Mev lost by the ionizing particles 
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is independent of the energy of the particles. This 
characteristic also allows any combination of the interaction 
processes in which the gamma ray is completely absorbed to 
produce the same light output. 
The photomultiplier tube used in a scintillation de­
tector provides two functions : conversion of the light output 
of a scintillating medium into an electrical impulse, and 
multiplication of this impulse to useful size. The light 
conversion is accomplished by means of a photo-sensitive 
surface, or photocathode, which produces photo-electrons when 
light is incident. At this point the multiplication process 
takes over, for the photo-electrons are accelerated to an 
energy of around 200 electron-volts and strike a secondary 
emission surface, or dynode, which emits secondary electrons. 
The number of secondary electrons is related to the number 
of incident electrons by a certain multiplication factor. 
After several stages of multiplication, the final secondary 
electrons are collected on an anode, and an electrical pulse 
of usable size is resultant. Since the conversion and 
multiplication processes provide outputs which are propor­
tional to the inputs, the resultant pulse height at the anode 
is proportional to the amount of light emitted in the scintil­
lating medium or, in the case of Nal(Tl), to the energy lost 
in the medium by the incident gamma ray. A scintillation 
counter is characterized by a resolution figure, defined in 
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terms of its nearly Gaussian response to incident mono-
energetic radiation. This resolution arises mainly from the 
statistics encountered in the number of photo-electrons 
emitted from the photocathode, which commonly has a conver­
sion efficiency of about ten per cent. 
It is seen, then, that a scintillation detector utilizing 
Nal(Tl) as the detection crystal offers a more desirable 
detection system for gamma rays than a Geiger or proportional 
counter in that it has a high efficiency for detection and 
can be used for energy analysis of gamma rays at high energies. 
Two excellent detailed discussions of the properties of 
scintillation counters can be found in the literature (45, 
46). 
A scintillation counter exposed to mono-energetic gamma 
radiation produces a spectrum of output pulses rather than 
pulses of the same height. The appearance of the spectrum 
can be explained in terms of the interaction processes of the 
gamma radiation in the scintillation crystal. If Nal(Tl) is 
used as the scintillator, the spectrum for mono-energetic 
gamma-ray energies below 0.2 Mev will be nearly monochromatic, 
within the resolution of the detector. Since the photo­
electric effect is the dominant type of gamma-ray interaction 
with the Nal(Tl) crystal at these energies, most of the inter­
acting gamma rays will be absorbed completely, since only up 
to 25 per cent of the X-rays arising from the iodine atoms 
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can escape absorption by the crystal for gamma rays with 
energies as low as 0.03 Mev. Small peaks occurring at 
energies below the gamma-ray energies, the difference in 
energies being equal to the X-ray energy for iodine, rep­
resent events in which the X-rays did escape from the crystal 
and are called "escape peaks". 
In the energy range of 0.2 Mev to about 3 Mev, the re­
sponse of a scintillation counter to mono-energetic gamma 
rays will have a pulse height spectrum, which in its ap­
pearance consists of a prominent peak at the energy of the 
gamma rays, called a "photopeak", and a flat distribution of 
pulses at energies below that of the photopeak, connected 
with the photopeak through a spectral depression, or "valley". 
The dominant mode of gamma ray interaction in this energy 
range is that of the Compton effect for which only a fraction 
of the incident gamma rays lose all of their energy in the 
crystal, these events resulting in the photopeak. The photo­
peak also contains most of the results of the less probable 
photoelectric and pair production interactions in the crystal 
for this energy range. The flat distribution of the pulse 
heights at lower energies consists of Compton events in which 
the modified photons escape further absorption in the crystal, 
and corresponds, therefore, to a partial loss of energy by 
the gamma rays in the crystal. 
At mono-energetic gamma-ray energies above 3 Mev, where 
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the interaction with the crystal most probably results in 
pair production, the spectrum has a small photopeak and is 
quite complex below the photopeak energy. There are secondary 
peaks 0.5 Mev and 1 Mev below the photopeak energy which 
correspond to single and double escape, respectively, of the 
annihilation quanta arising from the positron annihilation. 
In actual experimental conditions, superimposed on the 
spectral appearances described above are effects of scattering 
by surrounding materials, which reduce the purity of mono-
energetic radiation incident upon the crystal. 
The gamma radiation found in most investigations is in 
the energy region in which detection is accomplished through 
the Compton effect interaction between the radiation and the 
crystal. If measurements of the source intensity are to be 
made for gamma rays, the gamma-ray spectrum provides a con­
venient method for intensity measurements. The approach used 
is to count the number of photopeak events present and relate 
this number to the total number of incident gamma rays of 
this energy by correcting for the detection efficiency of the 
crystal and its so-called "peak-to-total" ratio. The detec­
tion efficiency is expressed as the probability that an 
incident gamma ray will interact with the detection crystal, 
enabling its detection, and the peak-to-total ratio gives 
the probability that a gamma ray interacting with the crystal 
will lose all of its energy in the crystal and produce an 
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output pulse seen in the photopeak of the spectrum. Values 
of detection efficiency and peak-to-total ratios for Nal(Tl) 
are available as functions of gamma-ray energy, source 
distance from the crystal, and crystal size (45, 46, 47). 
2. Physical arrangement 
The experimental equipment which was used for the in­
vestigation was housed in the accelerator room of the syn­
chrotron building, about twelve feet from the synchrotron. 
Except for the fast coincidence circuit, however, all the 
electronic circuitry which was used for analysis of the data 
was remotely located in the control room of the building, to 
which the appropriate signals were sent by means of coaxial 
cable. A top view of the experimental arrangement for the 
investigation is shown in Figure 2, where Figure 2(a) shows 
the equipment used for analysis of the samples and Figure 
2(b) shows the arrangement for bombardment of the samples by 
exposure to the X-ray beam of the synchrotron. 
The relative positions of the detectors and sample can 
be seen in Figure 2(a). The 1/16 inch brass cap on the end 
of the shuttle tube served as an annihilator, absorbing the 
positrons coming from the sample and causing their annihila­
tion in a geometrical region where it was impossible for the 
annihilation quanta, which are emitted in opposite directions, 
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Figure 2. Experimental arrangement used in the analysis and bombardment of the 
samples 
(a) Arrangement of equipment used in analysis 
(b) Arrangement of equipment for bombardment 
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absorber between the two detectors served to prevent gamma 
rays scattering out of one detection crystal into the other, 
and producing an unwanted coincidence event. The scintilla­
tion counter with the smaller Nal(Tl) crystal was labelled 
"Channel 1" and served to detect annihilation radiation only. 
The other counter, with the larger Nal(Tl) crystal, was 
labelled "Channel 2" and detected the gamma radiation from 
the sample which was in fast coincidence with annihilation 
radiation incident upon Channel 1. 
The solid angles subtended by the detectors near the 
center of the sample were about four per cent, with the larger 
crystal having a slightly larger solid angle than the smaller 
crystal. The detection apparatus was placed below the plane 
of the orbit of the circulating electrons in the synchrotron, 
and behind a wall of lead bricks for shielding against back­
ground radiation, and wax blocks and borax powder for shield­
ing against synchrotron-induced neutrons. In this manner the 
1 pO 
room background and neutron-induced I activity in the 
Nal(Tl) crystals were reduced to tolerable levels. An 
oblique view of the equipment of analysis is shown in Figure 
3. Visible are the two detectors, the fast coincidence 
circuit to the right rear of the picture, the lead absorber 
between the scintillation crystals of the two detectors, the 
shuttle tube with its brass annihilator cap, and the lead 
bricks used for shielding against room background. 
Figure 3. Oblique view of the equipment used for analysis 
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Because of the presence of the shielding and absorbing 
materials around the activated samples, the spectra obtained 
from the scintillation counters were expected to exhibit the 
effects of scattering from the surrounding shielding and 
absorbers of both annihilation radiation and the less intense 
gamma radiation, and also the effects from annihilation-in­
flight radiation and bremsstrahlung resulting from the ab­
sorption of the positrons in the brass annihilator. The 
scattering of annihilation radiation from the shielding and 
absorbers was seen on all the spectra taken, including the 
coincidence spectra, since one annihilation radiation photon 
could be scattered and detected by Channel 2 in coincidence 
with the other photon directly incident upon Channel 1. Due 
to the proximity of the lead absorber to the detectors, in 
cases where the amplifier gain was turned high, as in Mg2^, 
the K X-ray from lead was seen as a result of the photo­
electric interaction of gamma and annihilation radiation 
incident on the lead absorber and subsequent escape of the 
X-ray from the absorber. 
The effects of annihilation in flight and bremsstrahlung 
were seen on both singles and coincidence spectra as con­
tinuous components which extended higher in energy than 0.511 
Mev. These effects could be seen in the coincidence spectra 
because, in the case of bremsstrahlung, the motion of the 
positron in the brass annihilator could cause emission of 
44 
bremsstrahlung in the direction of Channel 2, while annihila­
tion radiation was incident upon Channel 1 following the 
annihilation of the positron. The process of annihilation 
in flight emitted photons no longer opposite in direction 
and no longer restricted in energy to 0.511 Mev. Hence, it 
was possible either for the two quanta to be emitted in the 
directions of the two detectors and one lose 0.511 Mev in 
Channel 1, allowing coincident detection for Channel 2, or 
the photons could be detected simultaneously from scatter­
ing, provided 0.511 Mev was lost by one photon in Channel 1. 
There was one spectral disturbance which was peculiar to 
the singles spectra, and that was the additional continuous 
I pO 
contribution due to the decay of neutron-induced I in the 
Nal(Tl) crystal. Since the crystals were shielded from each 
I pO 
other, no coincidences due to the I decay were possible, 
but this decay was noticed on the singles spectra. It was 
more intense near the end of a day-long bombardment than at 
the beginning of the day, since the 25 minute half-life re­
quired appreciable time to reach its maximum activity. 
The experimental arrangement seen in Figure 2(a) had 
the asymmetry desired in the experiment, for Channel 1 was 
set to respond only to annihilation radiation, so that any 
annihilation radiation seen in Channel 2 was not in coinci­
dence with annihilation radiation incident upon Channel 1, 
due to the geometrical arrangement of the detectors. A small 
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amount of annihilation radiation was expected in Channel 2, 
however, and could arise in three ways. If the gamma ray was 
more energetic than annihilation radiation, it could enter 
the detection crystal of Channel 1 and lose only part of its 
energy. If this amounted to approximately 0.511 Mev, it 
could trigger an analysis of coincident annihilation radia­
tion incident upon Channel 2. This process is illustrated 
22 in Figure 11, which shows the Na ^coincidence spectrum and 
exhibits the 0.511 Mev peak superposed upon the gamma-ray 
22 
spectrum of the 1.28 Mev gamma ray in the decay of Na 
Also, bremsstrahlung resulting from the absorption of the 
positrons in the brass annihilator could enter Channel 1, 
lose 0.511 Mev in the detection crystal, and permit analysis 
of annihilation radiation entering Channel 2. The third way 
that annihilation radiation could be analyzed in Channel 2 
would be for it to be accidentally coincident with annihila­
tion radiation detected in Channel 1, the radiations arising 
from two different positron decays occurring within the 
resolving time of the fast coincidence circuit. The an­
nihilation radiation analyzed in Channel 2 as a result of 
these three processes was of low enough intensity so that 
it did not seriously interfere with the desired function of 
the arrangement, which was to permit analysis of gamma radia­
tion detected in Channel 2 in coincidence with annihilation 
radiation detected in Channel 1. 
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The determination of the solid angle subtended by Chan­
nel 2 was necessary for each experimental determination. 
Since the expression for the branching ratio of a positron 
transition using the coincidence technique employed here 
involved the knowledge of this solid angle, the solid angle 
was determined experimentally by using a source of known 
22 branching ratio. Na was the source used here, since it 
22 decays almost entirely to the first excited state of Ne , 
and so has a branching ratio of nearly 100 per cent. In the 
2? determination of the solid angle, the Na source, which was 
a point source inside a cylindrical brass annihilator, was 
placed for analysis at the position shown in Figure 2(a), 
near the center of the sample when it was in the counting 
position. To do this, of course, the shuttle tube had to 
be removed. It was assumed throughout the investigation 
that the two geometries of analysis could be made equivalent. 
The geometries were made reproducible by means of templates 
which, were used in arranging the equipment for each ex­
perimental run. 
The experimental arrangement for bombardment of the 
sample can be seen in Figure 2(b). The connections for air 
and vacuum to the shuttle tube are shown, where the air 
valve was opened to blow the sample to the other end of the 
tube for analysis, the trip taking less than a second, and 
the vacuum valve was opened to draw the sample back into 
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bombardment position, the return trip taking about five 
seconds. The X-ray beam incident upon the sample was col-
limated to 3/4 inches in diameter, so that very little 
activity was induced in the sample holder. After passing 
through the sample, the beam was monitored by an ionization 
chamber, and the response of the monitor was recorded for 
each series of bombardments as indicative of the amount of 
activity produced in the sample. 
3. Electronics 
The block diagram of the electronic circuitry used in 
this investigation is shown in Figure 4. A coincidence 
event is illustrated with the gamma ray from a decaying 
nucleus entering the detection crystal of Channel 2 and the 
positron annihilating after coming to rest with one annihila­
tion photon entering the detection crystal of Channel 1. 
The photomultiplier tubes which were used in the investiga­
tion were the l4-stage RCA 6810A tubes and gave a ten volt 
signal from the anodes into a 270 ohm load for annihilation 
radiation with a photocathode voltage of about -2300 volts. 
The anode signals from both detectors were fed directly into 
the fast coincidence circuit through coaxial cables of equal 
length. The output of the fast coincidence circuit was 
amplified and pulses arising from coincidences discriminated 
from singles pulses. The linear amplifier used for this 
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Figure 4. Block diagram of the electronic circuitry used 
for coincidence measurements 
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purpose was a Model 101 amplifier, obtained from Cosmic 
Radiation Laboratories, Blue Point, New York. This amplifier, 
which was a non-overloading amplifier, was of the Chase-
Higinbotham design (48). The negative output from the 
discrimination section of the Model 101 amplifier was directed 
into one of the inputs of the slow coincidence circuit. 
Each channel had two detector output signals, that from 
the anode, which had a fast rise time and large pulse height 
making it ideal for application to the fast coincidence 
circuit, and the eighth dynode signal, which was a small 
signal and could be amplified for pulse-height analysis. The 
eighth dynode signal from Channel 2 was directed to the A-6l 
amplifier of the 256-channel analyzer. The eighth dynode 
signal from Channel 1 was amplified and analyzed by a single-
channel analyzer, both functions being performed by a Model 
358 amplifier obtained from Franklin Electronics, Inc., 
Bridgeport, Pennsylvania. This amplifier was also non-
overloading and was patterned after the Oak Ridge National 
Laboratories DD-2 Amplifier (49, 50). The single-channel 
analyzer was set to select pulses in the photopeak region 
of annihilation radiation. Its output was directed into the 
other input of the slow coincidence circuit. Hence, the 
slow coincidence circuit produced an output when annihilation 
radiation was detected in Channel 1 in fast coincidence with 
gamma radiation detected by Channel 2. The slow coincidence 
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circuit output was used to gate on the 256-channel analyzer 
to allow analysis of the Channel 2 signal. 
The schematic diagram of the detector circuitry is 
shown in Figure 5» The voltage divider network for the 
6810A photomultiplier tube is shown, along with the circuitry 
used for providing the signal from the eighth dynode. The 
anode output pulses were fed with direct coupling into the 
fast coincidence circuit. The eighth dynode was the last 
dynode not to be shunted to ground by a condenser, and was 
used to provide a second output signal for the functions 
not involving the fast coincidence circuit. This signal 
was tapped from the eighth dynode with a coupling network 
which gave a desirable shape to the signal. Since the small 
dynode fluctuation during the electron multiplication process 
provided a positive signal, this signal was inverted and 
amplified by the 6CB6 to provide a proper signal for amplifi­
cation and pulse-height analysis. The 6AU8 was used as a 
White follower to drive the signal into the long coaxial 
cable leading from the accelerator room to the control room 
where the subsequent amplification and analysis was made. 
Figure 6 is the schematic diagram of the fast coincidence 
circuit used in the investigation. The circuit was built 
according to the design of Bell, Graham, and Fetch (51), and 
was in reality an adding circuit to the extent that two 
simultaneous inputs provided an output pulse twice as large 
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Figure 6. Schematic diagram of the fast coincidence circuit 
as that for a single input. The 6AK5 tubes at each input 
acted as limiters, whose function was to invert and shape 
the input pulses, which were negative in polarity and of 
variable height, into flat-topped positive pulses which rose 
suddenly and had a long duration determined by the duration 
of the input pulses. The resulting pulses were further 
shaped by the 50 ohm RG8-U shorted delay line to shorten 
Q 
them to about 10" seconds duration. If two pulses ap­
peared at the inputs within this time, an overlap of the 
individual pulses was present at the plate of the detection 
diode and an output signal with up to twice the single out­
put pulse amplitude was seen, depending upon the degree of 
overlap present. The diode in the circuit was placed in a 
crystal oven (Model JK02, James Knights Co., Sandwich, 
Illinois) to achieve stability of its response and could have 
been biased to enhance the coincidence-to-singles ratio of 
output pulse heights to more than the factor of two. How­
ever, the bias was not necessary, and the amplitude dis­
crimination to select coincidence outputs was performed 
after amplification by the Model 101 amplifier. The 6AU8 
was again employed as a White follower to drive the long 
coaxial cable leading from the fast coincidence circuit in 
the accelerator room to the Model 101 amplifier located in 
the control room. 
The resolving time of the fast coincidence circuit was 
from 10 to 15 x 10"^ seconds for this investigation. This 
value was about the best possible for good coincidence ef­
ficiency in view of the reported decay time for a Nal(Tl) 
crystal of 25 x 10~ seconds. A faster resolving time could 
be obtained, but then the long decay time of the crystal 
would play a part in causing some of the input pulses to be 
"jittered" out of coincidence. 
One of the characteristics of this coincidence circuit 
which was evident upon inspection of the coincidence spectra 
obtained in the experiment was that of the low-energy cut­
off. This effect arose in the first, or limiting, stage of 
the fast coincidence circuit as a result of insufficient 
input pulse height to cut off the 6AK5 tube, so that it then 
acted as an ordinary amplifier rather than a limiter, and 
had an output smaller than the limited output. Thus, a 
coincidence pulse in which one of the input pulses was too 
small for effective limiting action was not as large as that 
obtained by complete overlap of two limited pulses. It ap­
peared instead to be identical to the output pulse resulting 
from incomplete overlap at the diode plate due to the inputs 
arriving just out of coincidence, and the spectral effect 
was thus one where the low energy pulses appeared to be out 
of coincidence. 
The schematic diagram of the slow coincidence circuit 
is shown in Figure 7, and it was built according to a design 
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Figure 7« Schematic diagram of the slow coincidence circuit 
by Garwin (52). In this circuit, the size of the coincidence 
output pulse was many times larger than the singles output 
pulse, so that discrimination between the two pulses was not 
difficult. The actual coincidence circuit consisted of the 
two 6AU6 tubes and the two diodes in their common plate 
circuit. The plate current of the two 6AU6 tubes was 
divided between the plate resistors on both sides of the 
IN39 diode, with a slightly smaller resistor in series with 
the diode. 
In quiescent operation, the IN39 diode was conducting, 
and its forward resistance was the common AC load resistance 
of the tubes. For a single input, one of the 6AU6 tubes 
was cut off, reducing the plate current requirement to half 
the quiescent value. The output of such an event was seen 
across the low quiescent load resistance as the diode was 
cut off thus allowing the normal current to flow through the 
8.2 kilo-ohm resistor not in series with the diode. For an 
additional coincidence input, however, the plate current in 
both tubes was cut off, resulting in a large output voltage. 
The 1N39 diode thus acted as a clamping diode for single 
inputs, allowing the common plate voltage to rise only 
enough to cut it off, and resulting in a small output. This 
made possible easy discrimination of the singles output. 
The IN34 diode acted as a discriminator against the 
output pulse resulting from a single input, with the result 
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that the size of the coincidence output pulse was about 100 
times that of the singles output pulse. The 6J6 following 
Input 1 was used as a univibrator delay, in order to ac­
count for the different rise-times and times for pulse 
analysis in the two input channels. A delay of about one 
microsecond was used for the pulse from Input 1. The 6CB6 
following the coincidence circuit was an amplifier, amplify­
ing and inverting the positive coincidence pulse so that it 
was suitable for gating the 256-channel analyzer. The 6AU8 
was a White follower, driving the cable leading to the 
analyzer gate. The slow coincidence circuit had a resolving 
time of about one microsecond, although it could be made 
faster. The time width of the input pulses was about 0.5 
microseconds for each pulse, limiting the resolution 
capabilities of the circuit. With suitable input, the circuit 
-8  
could be made to have a resolving time of less than 10" 
seconds (52). 
The 256-channel analyzer used in the investigation was 
a Model 2603 256-Channel Pulse-Height Analyzer obtained from 
Radiation Counter Laboratories, Inc., Skokie, Illinois. This 
analyzer employed analogue-to-digital conversion of the 
pulse-height-to-time type and contained a ferrite core memory 
capable of storing 65,535 counts per channel. The memory 
could be split into two 128-channel groups, and most of the 
spectra obtained during the investigation were analyzed over 
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128 channels only. The analyzer contained a non-overloading 
amplifier at its input and had coincidence provisions to 
enable gating the analysis of incoming pulses. 
4. Cycling equipment 
During an experimental run to obtain data, the accumula­
tion of sufficient data required many cycles of bombardment 
and observation. The number of cycles in a day-long run 
ranged from 200 to 1200, depending upon the half-life of the 
nuclide under investigation. The cycle contained four timed 
intervals, the bombardment period with the sample in bombard­
ment position, a short delay after bombardment to allow the 
sample holder to travel down the shuttle tube to the detec­
tion equipment, the analysis period, and a reset period in 
which the sample was drawn back into bombardment position, 
and the timers allowed to reset. 
In detail, the bombardment period lasted about three 
half-lives for the nuclide under investigation and was timed 
by one or two adjustable timers which ran in tandem and were 
adjustable over the ranges 0-15 seconds and 0-120 seconds. 
During bombardment, a constant vacuum at the bombardment end 
of the shuttle tube kept the sample in bombardment position, 
and the photomultiplier tubes in the detection apparatus had 
their high voltage removed to avoid tube fatigue due to the 
high level of radiation in the accelerator room while the 
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beam was on. At the end of the bombardment period, the beam 
was shut off by biasing the injection pulse generator of the 
synchrotron, the vacuum valve was closed, and the air valve 
was opened to provide a blast of air to propel the sample 
to the other end of the shuttle tube and into position for 
analysis. A relay wired in parallel with the solenoidal air 
valve was activated along with the air valve and switchr1 
high voltage from a dummy load in the high voltage power 
supply to the photomultiplier tubes. A delay was then timed 
to allow transport of the sample and also to allow the photo-
multiplier tubes to come to equilibrium, and it usually 
lasted about one second. In some nuclides, this delay was 
increased in duration to allow very short-lived, unwanted 
activity to die out of the sample. 
At the end of the delay period, the 256-channel analyzer 
was turned on to analyze the response from the detection 
apparatus, and the counting period timer started. During 
the counting period, as in the bombardment period, if a 
short-lived nuclide, such as , was under observation, 
only the 0-15 second timer was used, while for the longer­
on 
lived nuclides, such as Na , the auxiliary 0-120 second 
timer was used in tandem with the 0-15 second unit. At the 
end of the counting period, the reset timer was started, the 
256-channel analyzer was turned off, the air valve (and 
consequently the photomultiplier tube high voltage) was 
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turned off, and the vacuum valve was opened to allow transport 
of the sample back into bombardment position. At the end 
of this period, the bias on the synchrotron injection pulse 
generator was removed, allowing the beam to be switched on, 
all timers were reset, and the bombardment duration timer 
started. From this point, the cycle repeated. 
The bombardment and counting period durations were set 
at about three times the half-life for the nuclide under 
investigation, the delay duration was about one second unless 
more time was necessary to allow unwanted short-lived decays 
to die out in the sample, and the reset duration was set for 
a period allowing ample time for the sample to be transported 
to the bombardment position from the counting position. 
A schematic diagram of the cycle programming unit is 
shown in Figure 8. The auxiliary timers were the 0-120 
second timers and the others had adjustable periods of 0-15 
seconds. They were obtained from the R. W. Cramer Co., Inc., 
Centerbrook, Connecticut, as Type TE and Type TDl, respec­
tively. The cycle programmer functions can be followed using 
the detailed description of the cycle above. The cycle 
programmer controlled the analyzer by acting as a switch 
which was closed during the counting period, and open the 
rest of the time. The analyzer was gated for the coincidence 
spectra by the coincidence circuitry through the delayed 
coincidence input to the analogue-to-digital converter and 
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Figure 8. Schematic diagram of the cycle programming circuit 
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was turned off and on by the cycle programming unit through 
the prompt coincidence mode of the converter. The converter 
was switched to prompt coincidence (with no prompt coincidence 
input) and the short-circuit from the programmer during the 
counting period was shunted across the prompt coincidence 
switch, disabling this switch and allowing normal (or delayed 
coincidence, for the coincidence spectra) operation of the 
analyzer. 
D. Tests and Calibration 
Since the ability of the experimental arrangement to 
allow observation of gamma rays indicative of branching 
transitions in mirror nuclei depended highly upon the reli­
ability of the fast coincidence circuit, tests were made 
on this circuit at the beginning of each experimental run 
to determine if adjustment was necessary so that it had a 
resolving time of about 15 x 10"^ seconds. This was done 
by putting coincident inputs into the circuit and running 
a coincidence curve for the circuit, which is a plot of co­
incidence counting rate versus time delay in either channel. 
By placing different lengths of RG62-U coaxial cable in one 
channel of the fast coincidence circuit, the pulse from that 
channel could be artificially delayed with respect to the 
other input pulse. When the delay was long enough to cause 
insufficient overlap of the added single pulses from each 
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channel to register a coincidence, the coincidence counting 
rate fell to zero. If the delay was well within the resolv­
ing time of the circuit, the counting rate was identical to 
that with no relative delay between the channels. The full 
time-width of the coincidence curve at half the maximum co­
incidence counting rate was equal to twice the resolving 
time of the circuit. 
The most convenient way of obtaining a coincidence 
curve in this experiment was to remove the lead absorber be­
tween the detection crystals of the two channels and place 
an annihilation radiation source between the crystals. The 
22 
source used here was Ma . A coincidence curve resulting 
from the 0.511-0.511 Mev coincidences of annihilation radia­
tion is shown in Figure 9(a). 
The coincidences desired in the experiment were between 
gamma radiation in Channel 2 and annihilation radiation in 
Channel 1. The energies of the gamma rays which were of 
possible interest ranged from 0.35 Mev to 2.5 Mev. Since 
the rise times of the pulses coming from the limiters in the 
coincidence circuit were faster for high-energy radiation 
than for that at low energies, it was appropriate to test 
the coincidence circuit to see if this difference in rise 
times was great enough to cause high-energy events to be 
out of coincidence with the lower-energy annihilation radia-
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placed out of line with the crystals (see Figure 2(a)) and 
the lead absorber replaced between the crystals. The co­
incidence curve was determined for the coincidences between 
annihilation radiation in Channel 1 and the 1.28 Mev gamma 
22 
ray in the decay of Na in Channel 2, and is shown in Figure 
9(b). The conclusion reached as a result of this test was 
that there was a noticeable effect in the coincidence circuit 
arising from rise-time differences in the limiter pulses, 
which was seen as a shift of the centroid of the coincidence 
curve, making it asymmetric with respect to the delay origin, 
but that for zero relative delay between the coincidence 
circuit channels, the circuit would function satisfactorily 
over the energy range encountered in this investigation. 
The stability of the electronic circuitry was held to 
a maximum by the location of as much of the circuitry as 
possible in the air-conditioned control room, the use of 
regulated line voltage for the high voltage power supply, 
and the provision for ventilation for the circuits and de­
tectors which were located in the accelerator room. The 
coincidence circuit stability was assured by the use of the 
crystal oven to heat the diode to 75° Centigrade in order 
to keep its forward resistance constant and provide constant-
height coincidence pulses. During a day-long run, the ac­
celerator room became progressively warmer, which then cor­
respondingly lowered the gains of the photomultiplier tubes, 
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but this effect was not serious and could be accounted for 
by frequent calibration of the response of the detectors. 
Calibrations of the detectors were made over several 
energy ranges to be able to determine where gamma radiation 
21 
might have been found. For the decays of Na and Mg J, the 
calibration points were 0.356 Mev, 0.511 Mev, and 0.661 Mev, 
obtained from Ba"^^, annihilation radiation, and Cs^^, 
respectively. For Al^, Si^, and S^, the calibration 
energies were 0.511 Mev from annihilation radiation, 0.661 
Mev from Cs^^, 1.28 Mev from Na^, and 1.17 and 1.33 Mev 
from Co^°. For Ca^, annihilation radiation was used for 
0.511 Mev and Co^ used for 1.17, 1.33, and 2.50 Mev, the 
last energy being a result of a sum of the other two gamma 
rays incident upon the crystal. During an experimental run, 
the calibrations were taken at regular intervals to determine 
the effects of temperature-induced drifts in the detectors. 
E. Experimental Procedure 
The experimental procedure outlined here will be an 
account of a run for a mirror nuclide. The electronic equip­
ment was turned on at least 12 hours prior to the start of 
the investigation to allow temperature equilibrium in the 
circuit components to take place. Appreciable drift during 
this warm-up was evident only in the first two or three 
hours. The last components to achieve stability were the 
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voltage dividers for the photomultiplier tubes, but these 
were heated and temperature equilibrium with the photo­
multiplier tubes was achieved in, at most, three hours. 
After warm-up of the electronic circuitry was assured, 
the fast coincidence circuit was checked to give a resolving 
time of from 10 to 15 x 10"^ seconds. If the nuclide under 
investigation was of interest for energies lower than 0.511 
22 Mev, the coincidence spectrum was checked using Na to make 
sure that spectral cut-off of the coincidence circuit was 
well below the energy region of interest. Since it was 
desired to have the resolving time of the coincidence circuit 
remain at about 15 x 10"^ seconds, the adjustment in the 
low-energy cut-off was made through the gains of the detec­
tors. 
The next step in the investigation was to determine the 
solid angle subtended by the detection crystal of Channel 2 
22 
at the sample position. This was done by using Na posi­
tioned as in Figure 2(a) near where the sample would be 
centered and consisted of analyzing the singles annihilation 
radiation spectra for both Channel 1 and Channel 2, and then 
analyzing the coincidence spectrum for the 1.28 Mev gamma 
22 
ray in the decay of Na . The information from these spectra 
was used to calculate an empirical value for the solid angle 
PP 
of Channel 2, since the branching ratio of the decay of Na 
was known to be nearly 100 per cent. It can be noted here 
68 
that the same types of spectra were obtained for the 
nuclides under investigation, and the branching ratio was 
22 then determined using the solid angle found with Na 
The shuttle tube was positioned and the Channel 2 
detector calibrated in the energy region of interest. Then, 
using the cycling system, a determination of singles spectra 
for both detector channels was made, after which a coincidence 
run was made. At the conclusion of each singles or co­
incidence run, the spectrum held by the 256-channel analyzer 
was read out and the beam dosage for the sample during the 
run was recorded. The coincidence run generally lasted ten 
times the number of cycles as did the singles runs, and was 
followed by two more singles determinations. At this time 
another calibration was made to determine if any drift had 
been experienced by the photomultiplier tubes. Also, since 
the singles spectra displayed the annihilation radiation 
peak, they were used for drift check and calibration. The 
second calibration was followed by a third singles determina­
tion, then an accidental coincidence run, differing from the 
first coincidence run only by the inclusion of 30 x 10"^ 
seconds delay in one channel of the fast coincidence circuit, 
so that true coincidences (those within the resolving time 
of the circuit) were no longer possible, but accidental co­
incidences were still possible at the same counting rate. 
Another singles determination was made at the conclusion of 
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the accidental coincidence run, and the above schedule was 
repeated, time allowing. At least two such day-long runs 
were made for all the nuclides under investigation, except 
for Ca-^. If it was thought desirable, another determination 
of the Channel 2 solid angle was made at the end of the day. 
2"Ï 
In the case of Mg J only, the accidental coincidence run 
11 
was replaced by a run using C , to determine the rate of 
accidental coincidences and also to account for the shape 
and extent of the scattering peak displayed at low energies 
in the coincidence spectra. 
Before, after, and sometimes during each coincidence 
run, a check was made on the inputs to the slow coincidence 
circuit. The height of the fast coincidence circuit singles 
pulses was monitored to give indications of malfunction of 
that circuit. The Franklin Amplifier was checked to see if 
its single-channel analyzer was set to straddle the an­
nihilation radiation photopeak from the detector of Channel 
1. Most of the spectra were taken on only 128 channels of 
the analyzer, which made possible a check on the Franklin 
Amplifier window settings by momentarily interrupting a 
coincidence run and using the other 128 channels for the 
check. In the case of Mg^, where the gamma radiation was 
very close in energy to that of annihilation radiation, the 
importance of making a spot check on the single-channel 
analyzer settings was evident since to avoid destroying in 
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part the asymmetry of the experimental set-up, the window 
could not completely straddle the annihilation radiation 
photopeak without admitting some of the Mg2^ gamma radiation, 
and instead was set to straddle only the upper two-thirds 
of the photopeak. This setting left the lower discrimination 
level on a steeply sloping portion of the spectrum where a 
small gain change would have a large effect in the counting 
rate from the window. Consequently, frequent checks were 
made for Mg2^ to assure that the single-channel analyzer was 
adjusted properly. 
The frequency with which singles spectra were analyzed 
was largely due to concern about the time-dependent back­
ground radiation visible only in the singles spectra. This 
-j pO 
background radiation was due partly to the build-up of I 
activity in the Nal(Tl) detection crystals by neutron activa­
tion, and partly to the long-lived activity built up in the 
sample holder. A blank sample holder was always given a 
singles run identical to that for the sample, and with a 
sufficiently long preliminary period of cycling so that the 
activity due to the holder could be accounted for, and also 
"1 Pfi 
the intensity of the I activity estimated. 
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III. ANALYSIS OF DATA 
A. Calculation of the Branching Ratio 
The branching ratio of a transition is defined as the 
percentage of total decays that is contained in the transi­
tion. Thus, a determination of the branching ratio for a 
transition can be made by measuring the intensity of the 
transition and comparing this intensity with the measured 
intensity of the total decay. Since the nuclides under in­
vestigation here decayed by positron emission, the total 
decay intensity was measured by the amount of annihilation 
radiation detected, while the branching transition intensity 
was measured by the amount of gamma radiation detected for 
the gamma rays which followed branch decays. 
The branching ratio can be found by examination of the 
singles spectra for the decay. This method is useful only 
where the gamma ray indicating the present of a branching 
transition is sufficiently different in energy from that of 
annihilation radiation and sufficiently intense, so that it 
is identifiable in the singles spectrum and its intensity 
can be measured. To calculate the branching ratio for the 
decay with this method, the following approach is used: the 
number of events found in the photopeak of annihilation 
radiation is equal to 
W0.5ll = 2N0<51(6 P/T)0^n , 
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where N0 is the intensity of the source, ÇL is the solid 
angle subtended by the detector at the source, é is the 
probability of detection of the incident radiation by the 
detection crystal, P/T is the peak-to-total ratio for the 
crystal, giving the probability that the radiation, if de­
tected by the crystal, will lose all of its energy in the 
crystal and thus produce a count in the photopeak of the 
spectrum, and the 2 arises from the fact that there are two 
annihilation radiation quanta emitted per decay. The detec­
tion efficiency and peak-to-total ratio are functions of the 
same parameters (energy, crystal size, source distance), and 
so their product can be considered a function of energy for 
a given detection geometry. 
The number of photopeak events found for the gamma ray 
is then 
where fi is the branching ratio and (£ P/T)y is the detection 
efficiency times the peak-to-total ratio for the gamma ray. 
Hence, to find the branching ratio by analyzing the singles 
spectra, it is sufficient to determine the number of counts 
from the detector in the photopeaks of a spectrum from an­
Ny = y5N0ft(é P/T)y , 
Solving these two equations for B gives 
(1) 
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nihilation radiation and the gamma ray, and to know the 
detection efficiencies for detection in the photopeaks of 
the spectrum. 
This method was used only in the case of in this 
investigation, since the branches found in the decays of 
21 p ? 
Na and Mg J did not result in gamma radiation which could 
be identified sufficiently well in the singles spectra. 
The calculation cf the branching ratio from the co­
incidence method is approached in a similar manner. The 
amount of annihilation radiation seen in the photopeak of 
the singles spectrum from the detector of Channel 1 is 
"olçii = 2 <ep/T>oHn ' 
while the number of events in the photopeak of a gamma ray 
in a coincidence spectrum from the detector of Channel 2 is 
= 2<5N 0 f l ( l ) f l ( 2 )  (6PA)^U ( €  P/T)^2) , 
where the superscripts (l) and (2) refer to the detection 
channel. Solving these equations for gives 
NCL5ll ^ 2) (ë ' (2) 
Hence, to find the branching ratio using the coincidence 
method, it is necessary to know the number of counts in the 
photopeaks of the gamma ray in the coincidence spectrum from 
Channel 2 and the annihilation radiation in the singles 
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spectrum from Channel 1, the solid angle subtended by the 
Channel 2 detection crystal at the source, and the detection 
efficiency of detecting the gamma ray in the photopeak region 
of the spectrum for Channel 2. 
The determination of the number of counts in the photo­
peak region of a singles spectrum was done by adding the 
number of total counts per channel for the region and sub­
tracting from this sum the estimated contribution resulting 
1 P R 
from room background, I activity, annihilation in flight, 
and bremsstrahlung. The estimate of this continuous back­
ground was made by extrapolating back into the annihilation 
radiation photopeak region the shape of the continuous gamma-
ray spectrum found in the energies beyond the photopeak 
interval. The number of counts in the photopeak region of 
a gamma ray from a coincidence spectrum was determined in an 
analogous manner, when a gamma ray was easily observed. 
When it appeared as though no gamma ray was present, a smooth 
curve was drawn through the data connecting the energy regions 
surrounding the possible photopeak region, and the data of 
the photopeak region were compared to the values from the 
smooth curve to estimate an upper limit to the intensity of 
the branch under question. 
The number of counts found under the photopeaks of the 
spectra were then normalized to give an equivalent counting 
rate before use in Equations 1 or 2. Since the coincidence 
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spectra were taken over longer periods of counting time than 
were the singles spectra, the amount of activity studied, or 
N0, was not the same in each case. Each spectrum was taken 
using the same observation cycle, however, and it was neces­
sary then only to normalize the counting rates observed to 
the amount of activity which was viewed by the apparatus 
during the register of each spectrum. This was done by 
normalization to unit beam dosage as determined by the dose-
meter which was located behind the sample during bombardment. 
The reading on the dosemeter indicated the amount of beam 
which had passed through the sample, or the amount of activity 
built up in the sample. Thus, normalization to the dose-
meter reading for each run gave the counting rate per unit 
activity produced, and made possible the comparison of 
counting rates for coincidence and singles runs. 
The values for (£ P/T) were determined from the values 
available in the literature (45, 47). In the investigation 
for Mg2^ only, Channel 2 had a 1-1/2 inches by 1 inch detec­
tion crystal, and the values used for (6 P/T) for Channel 
2 were determined using different tabulations (45) than for 
the investigations of the other nuclides (47), for which the 
Channel 2 detection crystal had dimensions of 1-3/4 inches 
by 2 inches. For these other investigations, with the 
p*l 
possible exception of Na , the greater (6 P/T) figure ob­
tainable with the larger crystal made it more desirable to 
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use in the experiment. The values for (6 P/T) used in the 
investigation were obtained considering the sample or source 
to be a point source of gamma radiation located at the center 
of the sample, 4.2 cm. from the crystal. It was assumed 
that the values so obtained represented acceptable estimates 
for the extended-source samples which were actually used, 
since the dependence of (£ P/T) with source distance at this 
distance from the detection crystal is nearly linear over 
the sample extensions present in this investigation. 
The solid angle for Channel 2 was determined experi-
22 
mentally using a source of Na , which has a known branching 
( 2 ) 
ratio. Equation 2 can be rearranged to solve for Sr in 
22 terms of the Na branching ratio so that it becomes 
n(2) _ N1.28 
"h^h (£P/T)^8/3 • 
where the branching ratio fi is very close to 100 per cent. 
Hence, the solid angle determination required the knowledge 
of the number of events in the photopeaks of singles an­
nihilation radiation and coincidence gamma radiation from 
Channels 1 and 2, respectively, and the detector photopeak 
efficiency of Channel 2 for the 1.28 Mev gamma ray. Figure 
op 
10 shows the singles spectra for Na , obtained in a typical 
solid angle determination, where Figure 10(a) is the Channel 
1 spectrum and Figure 10(b) is the spectrum from Channel 2, 
both spectra obtained in 10 minutes of counting time. Figure 
22 Figure 10. Singles gamma-ray spectra of Na 
22 (a) Ha singles spectrum from Channel 1 
detector 
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11 shows the coincidence spectrum obtained in the same 
determination, and is the result of 50 minutes of counting 
time. The prominent photopeak of the 1.28 Mev gamma ray can 
be seen in both the singles and coincidence spectra for 
Channel 2, and it is seen that the intensity of the annihila­
tion radiation was clearly depressed using the coincidence 
technique. The annihilation radiation seen in Figure 11 was 
mostly due to the Compton effect detection of the gamma ray 
which lost only 0.511 Mev in the Channel 1 detection crystal, 
with the coincident annihilation radiation detected by Chan­
nel 2. 
The solid angles which were determined throughout the 
investigation were about 4-1/2 per cent for the experiments 
on all the nuclides except Mg2^. The solid angle used in 
23 the Mg J experiment was about three per cent. This smaller 
value resulted from the fact that the crystal of Channel 2 
was smaller in this case, and the single-channel analyzer 
of Channel 1 was set to straddle only a portion of the an­
nihilation radiation photopeak, thus reducing the acceptance 
of coincidences and having the same effect as the reduction 
of the solid angle. 
B. Corrections and Errors 
There were several corrections applied in the analysis 
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Figure 11. Coincidence gamma-ray spectrum of Na 22 
81 
vestigation of a mirror nuclide was a correction to the 
solid angle for Channel 2, determined by the analysis of the 
22 Ha singles and coincidence spectra. The statistical error 
of the solid angle determined in this way was less than 
three per cent, so the value of the solid angle was certainly 
precise enough for use. However, the serious question as 
to whether this solid angle also represented the experimental 
situation when a mirror nuclide sample was undergoing 
analysis could be resolved only approximately. Since the 
activity of interest from Channel 2 during a coincidence run 
was the possible gamma radiation coming from the entire 
sample, the investigation of a mirror nuclide involved deal­
ing with an extended source of gamma radiation whereas the 
solid angle determination was made using nearly a point 
source. 
To estimate the effect from the two geometries, a 
comparison was made between the average solid angle of the 
Channel 2 detection crystal as viewed by the whole sample 
22 
and the solid angle as viewed by the Na source. The 
average solid angle was determined by finding the solid 
angle from each intersection point of a grid superposed on 
the cross-sectional area of the sample and averaging the 
solid angles so evaluated over the entire grid. This average 
was five per cent lower than the solid angle subtended at 
op 
the Ha source location. The average value for the solid 
82 
angle was only slightly larger than the value at the center 
of the sample, so a weighted average, considering a plausible 
activity distribution within the sample, was not considered 
to be necessary in determining the correction. Hence, the 
22 
solid angle obtained by the method using Ha was lowered 
by five per cent for use in the analysis of mirror nuclei 
data. It should be noted that a twenty per cent error in 
the estimation of the solid angle correction would impose 
only a one per cent error on the value of the solid angle 
actually used, which would be less than the effects of 
statistics on this value. 
Another correction which was applied to the data in the 
analysis was that accounting for the effects of absorption 
of the gamma ray in the sample and brass annihilator. 
Calculations were made for the three mirror nuclei in whose 
decays gamma rays were seen, and the calculations were 
checked experimentally in the case of Mg2^ to see if they 
yielded an accurate correction. The calculations for ab­
sorption were made assuming that the gamma ray originated 
in the center of the sample and thus had to travel obliquely 
through a half-thickness of the sample and the 1/16 inch 
thick brass annihilator without being scattered out of the 
direction incident to the crystal. A scattering of 25 degrees 
or more was considered sufficient to eliminate detection in 
the photopeak of the spectrum of the detector as well as to 
83 
remove a photon from a direction incident to the crystal. 
Thus, the Compton effect cross-section was modified accord­
ingly and the total absorption cross-section determined for 
the sample material and brass at the energies involved. The 
absorption of the gamma ray was then calculated. 
The experimental value for the absorption of 0.440 Mev 
gamma radiation in the case of Mg J was obtained by inter­
polating between the values of absorption of 0.356 Mev gamma 
rays from Ba"*"^, 0.511 Mev annihilation radiation from Na22, 
and 0.661 Mev gamma radiation from Os^^. The absorber con­
sisted of pieces of aluminum and brass whose thicknesses 
closely duplicated the assumed path length of the gamma ray 
through the sample and annihilator. The value of absorption 
experimentally found was in good agreement with the calculated 
amount, and substantiated the method of calculation. 
It was thought that the geometrical approximation was 
reasonable, since the absorption, although exponentially 
dependent upon path length through the absorber, was dif­
ferent by less than ten per cent if considered as due to 
travel from the center of the sample or considered the 
average of the absorptions arising from travel from both 
sides of the sample. It was not known which approximation 
would best represent the true effect, and since the ap­
proximations were self-consistent to within ten per cent, 
the one where the gamma ray was considered to travel from 
84 
the center of the sample was used, since it was easy to 
calculate. The absorption correction affected the number 
of counts seen in the gamma-ray photopeak by 25 per cent at 
most, and so a ten per cent deviation in the absorption 
correction would add little effect to the other errors 
present. 
The singles counts found in the photopeak of annihila­
tion radiation were subject to correction from the effects 
of origin from other than the mirror nuclide activity in­
vestigated. The additional activity produced in the sample 
holder was corrected for in each case, the correction being 
estimated from the amount of annihilation radiation seen in 
the blank sample holder runs. Since the blank sample holder 
was cycled in the same way as was the sample for the singles 
runs, there was no reason to suspect that the correction 
for this effect was inaccurate. Another correction was made 
in the case of for the contribution to the annihilation 
* "30 
radiation peak from , which was also produced in the 
sulfur sample by the synchrotron beam. The correction was 
made by estimating the relative yields of S^ and P^ from 
photonuclear reactions on An estimate of from five to 
ten per cent for the yield of P^ as compared to the yield 
of S31 was thought to be reasonable, and the correction was 
made for eight per cent. No values were available for the 
integrated photo-neutron cross-section of S^2 for brems-
85 
strahlung of up to 45 Mev although the Integrated cross-
section was available for the S^2(,pn)P^ reaction, so it 
was impossible to appeal to experimental determinations for 
the relative yields. 
The above corrections were not applied to the analyses 
27 "3Q 
of Si and CaJ , where the statistical deviations were very 
high and would render these corrections as insignificant. 
The experimental errors quoted for the values of the 
branching ratios were determined as composites of the ef­
fects of statistical deviations and errors in the solid 
angles, absorption corrections, and values used for the 
photopeak efficiency of the detectors. The errors in the 
solid angles and absorption corrections were considered to 
give a deviation of five per cent to the branching ratio, so 
that this figure then contained a reasonable allowance for 
the indeterminancy of these corrections. The values for 
(£ P/T) were considered to be determined at least to an 
accuracy of five per cent. Finally, the normal standard 
deviation for the statistics arising from the number of 
counts was included. The effects of these independent per 
cent deviations were added by taking the square root of the 
sums of squares to give the final deviation, or experimental 
error, to the values for the branching ratios determined in 
this investigation. In this way, a liberal but realistic 
allowance was made for the deviations arising from the ex­
86 
perimental method. 
For the branching ratios of Na2"*", Mg2^? and S^, then, 
the errors in the reported branching ratios were determined 
in the above manner. For the decays of Al2^, Si2?, and Ca^, 
however, the statistical deviation completely dominated the 
picture, so the upper limits to any possible branches in 
these decays were considered to be the maximum allowed 
probable value under standard deviation. 
C. Analysis for the Nuclides Investigated 
PI The experimental spectra obtained in the study of Na 
are shown in Figure 12. Figure 12(a) is a spectrum of a 
typical singles analysis, and shows no indication of a branch­
ing transition gamma ray at the expected energy of 0.347 
Mev. A weak gamma ray at this energy would be overshadowed 
in a singles spectrum by the Compton edge resulting from 
the presence of the intense annihilation radiation. Figure 
12(b) is the coincidence spectrum obtained by adding the 
21 
results of the two experimental runs made on Na . The 
pi 
gamma ray indicative of branching in the decay of Ma is 
clearly evident in the coincidence spectrum, and appears 
at the energy expected for the presence of branching of the 
21 decay to the first excited state of Ne . No attempt was 
made to look for gamma rays of 1.73 and 1.38 Mev, correspond-
?1 Figure 12. Gamma-ray spectra obtained from Na 
(a) Singles spectrum 







































0.3 0.4 0.5 









WlWi / JUL 
0.2 0.3 0.4 0.5 




21 ing to a branch to the second excited state of Ne , for the 
energetics involved in such a branch discourage a transition 
to this level of detectable intensity, using the coincidence 
method for detection. 
21 The activity of the Na sample was not as intense as 
was the case for the other nuclides, because of the relative 
difficulty of production by the (Y,2n) photonuclear process 
as compared to the ( ,n) process production of most of the 
other nuclides investigated. Despite this limitation, how­
ever, enough statistics were accumulated in the coincidence 
runs so that a reasonably precise determination of the 
branching ratio was possible. The two coincidence runs were 
analyzed separately, one yielding a branching ratio of 
2.3 ± 0.4 per cent and the other 2.1 + 0.3 per cent. These 
values, when averaged together, yield a reported value of 
2.2 + 0.3 per cent for the experimentally determined branch­
ing ratio for the ground-state to excited state branch of 
the decay of Na2\ 
The calculations for the branching ratios of Na21 in­
volved an 18 per cent absorption correction, and employed 
photopeak efficiencies of 0.086 and 0.405 for the 1.28 gamma 
22 PI 
ray in-Na and the 0.347 Mev gamma ray of Na , respective­
ly. The errors reported for the individual determinations 
of the branching ratio were dominated by the standard devia­
tion of the number of counts observed in the gamma-ray photo-
90 
peak of the coincidence spectra. 
Figures 13 and 14 show typical experimental spectra ob­
tained in the investigation of Mg2^. Figure 13(a) is the 
singles spectrum, and shows a slight indication of a branch­
ing transition in the decay of Mg2^ to the first excited 
state of Na2^. Figure 13(b) is the spectrum of a coincidence 
run and is featured by the prominent 0.440 Mev gamma ray 
confirming the existence of the branching transition. No 
effort was made to search for gamma rays of higher energies 
using the coincidence technique, for such gamma rays would 
be of very low intensity if present at all, just by considera­
tion of the energy available for branches to higher excited 
states of Na2^. Figure 14(a) is the same spectrum illustrated 
in Figure 13(b), and is repeated for convenience of comparison 
with Figure 14(b), which is the coincidence spectrum for 
23 Mg , including corrections for scattering and accidental 
coincidences as determined by the coincidence spectrum of 
11 
C , which has no branching transitions. This type of cor­
rection was used only for the case of Mg2^, because the 
2? investigation of Mg J was the initial effort in the experi­
ment, and it was desired to know just how much of the co­
incidence spectrum was due to the various effects of an­
nihilation radiation alone. 
Figure 13. Gamma-ray spectra obtained from Mg 3 
(a) Singles spectrum 
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Figure l4. Coincidence gamma-ray spectra from Mg ^ showing 
the effects of backscattering of annihilation 
radiation 
(a) Uncorrected Mg2^ coincidence spectrum 
(b) Mg2^ coincidence spectrum after subtraction 
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The experiments on the decay of Mg2^ differed from those 
for the other mirror nuclei in the investigation in that the 
detection crystal used in Channel 2 was 1-1/2 inches in 
diameter by 1 inch thick. For the other experiments, a 
1-3/4 inches by 2 inches crystal was obtained since a high 
detection efficiency was desirable for the gamma rays in 
question from the other decays, especially for those at high 
energies. For this determination, then, the values of the 
photopeak efficiency of the Channel 2 detector were 0.049 
for the 1.28 Mev gamma ray of Na22 and 0.211 for the 0.440 
Mev gamma ray in Mg2^. The solid angle of Channel 2 was 
2"5 
smaller for the Mg J experiments than for the other nuclides, 
partly because of the smaller physical size of the crystal 
and partly since the whole energy region of the annihilation 
radiation photopeak was not included in the window of the 
single-channel analyzer. For the two determinations of the 
branching ratio of Mg2^, the solid angle was about three 
per cent. 
The counting rate for the coincidence spectra was quite 
good for Mg2^, around 700 counts being accumulated in the 
photopeak of the gamma ray in each of the two runs. The 
absorption correction for the gamma ray intensity was 27 
PI per cent, which was more than that for the Na investiga­
tion, mostly because the sample material density of mag­
nesium was much larger than that of sodium, making absorp­
96 
tion of the gamma ray by the sample itself a larger effect. 
As was mentioned in Section B of this chapter, the absorption 
for the case of the Mg2^ gamma ray was both calculated and 
experimentally determined, the difference in the amount of 
absorption estimated by the two approaches being less than 
five per cent of the mean value, and the experimental value 
was used in this analysis. 
The branching ratio was calculated from the two experi­
mental determinations to be 8.9 ± 0.7 and 9»3 ± 0.8 per 
cent, which gave a combined value of 9*1 ±0.5 per cent. 
Some of the gamma-ray spectra obtained in the study of 
the decay of Al2^ are shown in Figure 15, where a singles 
spectrum is shown in Figure 15(a) and Figure 15(b) is a 
coincidence spectrum. No gamma ray was expected as a result 
of a branching transition to the 0.58 Mev first excited 
2 5 
state of Mg J due to consideration of decay selection rules, 
so the investigation was concentrated at 0.98 Mev on the 
possibility of gamma radiation resulting from a transition 
to the second excited state of Mg2^. Transitions to higher 
excited states of Mg ' were not expected, the energetics in­
volved preventing intensities for such transitions which 
could be detected using the coincidence technique. 
There was no indication of a gamma ray at 0.98 Mev in 
Figure 15- Gamma-ray spectra obtained from Al ^ and Al 
(a) Singles spectrum 
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the coincidence spectrum, and an estimate of the upper limit 
of possible branching was made. An estimate of the maximum 
number of counts in the photopeak of a possible gamma ray 
at O.98 Mev was made by using points on each side of the 
possible photopeak at O.98 Mev to draw a smooth curve through 
the photopeak region, and determining the excess of the 
number of counts in the photopeak region of the spectrum to 
the number of counts corresponding to the smooth curve. 
Only 4+8 net counts for a possible gamma ray were deter­
mined for the investigation in this manner for two combined 
coincidence spectra. Although no absorption correction was 
made for the calculation of branching ratio of Al , a cor­
rection was applied to account for the amount of annihila-
25 tion radiation in the singles spectra which was due to Al y. 
2 5 The number of singles events due to Al 'was considered to 
be nine per cent of the total annihilation radiation re­
sponse, this number being the result of the estimated rela­
tive yields of ten to one for Al^m to Al^, produced from 
the bombardment of Al^ by 45 Mev X-rays. Certainly the 
upper limit for the branching ratio given in this investiga­
tion was subject to the accuracy of this estimate for the 
yields of Al^m and Al^-\ This estimate for the relative 
yields was quite liberal, for it was based upon the probable 
relative yields of the ( ,n) and ( Y ,2n) reactions. The 
estimate did not take into consideration the fact that both 
100 
Al^ and Al^^m are products of the ( Y ,n) reaction, but only 
the decay of Al^m is observable with the times of analysis 
25 
used. Thus, the activity of Al J estimated in this manner 
was probably underestimated, and the resulting upper limit 
for the branching ratio was quite liberal. Calculation of 
the branching ratio, where a photopeak efficiency for Channel 
2 of 0.113 at 0.98 Mev was used, resulted in the value of 
0.3 +0.6 per cent, for an upper limit of 0.9 per cent for 
the transition. 
The singles spectrum shows a bump at about 1.0 Mev, 
indicating the possible presence of the 0.98 Mev gamma ray. 
This bump was considered to be due to accidental summing of 
the annihilation radiation within the duration of the scintil­
lation detector pulse, the consideration accounting for the 
observed intensity within a factor of two, and the energy 
of 1.022 Mev for such accidental summing being right for 
possible confusion with a gamma ray at O.98 Mev. Using 
Equation 1 to determine the intensity of this effect, an 
answer of 0.4 per cent was obtained, which was within the 
upper limit for the branching transition intensity. 
The coincidence spectrum shows a prominent annihilation 
radiation peak, which was accounted for by considering co­
incidences between annihilation radiation in Channel 2 and 
pre-annihilation bremsstrahlung incident upon Channel 1 
which lost 0.511 Mev in the detection crystal. An estimate 
101 
of the predicted intensity for this peak by the mechanism 
thought to be responsible was in excellent agreement with 
the observed intensity (53). The continuous distribution 
shown on the coincidence spectrum was considered to arise 
from the detection of bremsstrahlung in Channel 2 coincident 
with annihilation radiation in Channel 1, and from 
annihilation-in-flight radiation for which one photon was 
detected by Channel 2 and the other lost about 0.511 Mev in 
Channel 1. These features of the coincidence spectrum of 
Al2-' and Al2^m were also repeated for the decays analyzed 
below. 
4. Si27 
The singles and coincidence spectra obtained in the 
study of Si27 are shown in Figure l6(a) and 16(b), respective­
ly. A branching transition to the 0.842 Mev first excited 
27 
state of Al was not expected from consideration of selec­
tion rules for the decay, so the study was turned to the 
possibility of branching to the second excited state of 
Al2'7, which would yield a 1.013 Mev gamma ray. At this 
energy in the spectra, the singles spectrum could not be 
used to observe a weak branch because of the presence of the 
higher energy gamma rays, and there was no indication of a 
gamma ray for the coincidence spectrum. 
The estimate of the maximum number of counts under the 
Figure 16. Gamma-ray spectra obtained from Si 7 
(a) Singles spectrum 
(b) Coincidence spectrum 








































photopeak of the possible gamma ray was made in the same 
2 5 
way as for the Al ^ decay, with a result of 17 ± 16 counts 
being registered for three combined coincidence spectra. 
The resulting branching ratio, using a photopeak efficiency 
for Channel 2 of 0.108 for 1.013 Mev, was 0.1 + 0.1 per cent, 
giving an upper limit to the transition of 0.2 per cent. 
The singles spectrum of Figure 16(a) shows that there 
was detectable contamination arising from the production of 
Al2^ and Al2^ by means of ( y,p) reactions on Si2^ and Si^®, 
respectively. Although these decays gave rise to the gamma 
radiation indicated in Figure l6(a), they were not visible 
in the coincidence spectra since they were negative electron 
decays and were not accompanied by annihilation radiation. 
5. s» 
Figures 17 and 18 show the spectra obtained in the in­
vestigation of S31. Figure 17(a) is a typical singles 
spectrum and Figure 17(b) is the sum of two coincidence 
spectra. Branching of the decay of was not expected to 
be present to the 1.27 Mev first excited state of be­
cause of the selection rules covering the decay, but both 
the singles and coincidence spectra indicated a weak gamma 
ray corresponding to such a transition. Figure 18(a) is 
the same coincidence spectrum shown in Figure 17(b), repeated 
for convenient comparison to the accidental coincidence 
01 
Figure 17» Gamma-ray spectra obtained from SJ 
(a) Singles spectrum 
(b) Coincidence spectrum 
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Figure 18. Coincidence gamma-ray spectra from S^~ showing 
relative intensity of real and accidental 
coincidences 
(a) Coincidence spectrum 
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spectrum in Figure 18(b). The accidental coincidence rate 
for SJ was the highest experienced in the entire investiga­
tion, since the singles counting rate of annihilation radia­
tion was greatest for S^1. The accidental coincidence 
spectrum is shown here to indicate that no serious effects 
resulted from accidental coincidences. 
With a photopeak efficiency of 0.086 for the 1.27 Mev 
gamma ray of S^1, and using an absorption correction of 9 
per cent, the branching ratio for the transition to the 
first excited state of in the decay of was calculated 
to be 1.08 + 0.09 per cent for the combined coincidence 
runs. 
The singles spectrum of Figure 17(a) also indicated the 
presence of a 1.27 Mev gamma ray. The intensity of the 
gamma ray was determined independently by analysis of the 
singles spectra and the branching ratio was calculated using 
Equation 1. Corrections of the intensities of the annihila­
tion radiation and gamma ray were made for absorption in 
the source and brass annihilator, and allowance made for the 
fact that part of the annihilator was shielded from the 
detection crystal, which would decrease the source strength 
of annihilation radiation as viewed by the detector. The 
calculation led to a branching ratio of 1.12 + 0.09 per cent. 
The value for the branching ratio for this transition 
in S31 was combined from the independent determinations using 
110 
the two methods, and was then 1.1 + 0.1 per cent. It might 
be noted here that the sensitivity of the coincidence tech­
nique was getting close to its limit in the study of S^-. 
It was estimated that this method could not convincingly 
detect gamma rays which were less intense than about 0.2 
per cent, unless sufficient time were taken to improve the 
statistics in the coincidence runs. For this reason, 
possible transitions in a mirror nuclide decay, which were 
expected to be much less than one per cent purely from con­
sideration of the energetics for the decay, were not studied, 
and the limitations of the method were then kept in sight 
in the investigation. 
6. Ca22 
The singles and coincidence spectra for the study of 
Ca^9 are shown in Figure 19. The branch decay to the first 
excited state of was possibly not expected to occur by 
consideration of selection rules, although the spin assign­
ment of the first excited state of wag not certain in 
this consideration, and the gamma ray of 2.53 Mev indicating 
the presence of such a branch did not show up in either the 
singles or coincidence spectra. However, the production of 
by the competing photonuclear reaction (Y ,pn) on Ca^0 
was evident in both the singles and coincidence spectra, for 
g O 
the decay of Kr is also by positron emission and proceeds 
Figure 19- Gamma-ray spectra obtained from Ca 
(a) Singles spectrum 
(b) Coincidence spectrum 
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entirely to the first excited state of A-^. 
The estimate of the branching ratio for Ca^ was made 
using a photopeak efficiency of 0.039 for the 2.53 Mev gamma 
ray and utilizing the total number of counts in the photo­
peak region of a 2.53 Mev gamma ray. The branching ratio 
was found to be 0.3 ± 0.3 per cent which resulted in an 
upper limit of 0.6 per cent for the transition probability. 
Only one run was made in the study of Ca-^, partly 
because of the previous work done on its branching ratio 
(14), and partly because no indication of a branch decay was 
present from the beginning, even though the sample activity 
was rather intense. The absence of room background at 2.53 
Mev made conditions ideal for the appearance of a very weak 
gamma ray at this energy, but no indication was seen, so the 
run was not repeated. 
114 
IV. DISCUSSION 
A. Decay Schemes 
1. Level diagrams 
The success of any model of the nucleus is based par­
tially upon its ability to account for the experimental 
features exhibited in the study of radioactive decay. For 
the particular case of mirror nuclei, the structure of the 
excited states of the daughter nuclei, together with the 
selection rules for the positron decays, should be predicted 
accurately by a valid nuclear model. The unified model of 
the nucleus gives an excellent semi-quantitative explanation 
for the experimental situation as seen in mirror nuclei, 
although the spherical shell model can also be applied to 
the situation, and its interpretation is perhaps just as 
acceptable as that given by the unified model. 
To be able to describe the decay of a mirror nuclide, 
the model employed must be able to predict the spins, 
parities, relative order, and approximate energies of the 
ground and excited states of the daughter nucleus. By charge 
symmetry of nuclear forces, then, the parent nucleus should 
have approximately the same level scheme. Using the selec­
tion rules appropriate for the model, the presence of 
branches in the decay should be predicted. Comparison of 
these features of the nuclear decay and structure with the 
115 
experimental results can, if carried out in enough detail, 
indicate the validity of the model used. 
It is appropriate at this time to discuss the shell 
model in preparation to introducing the features of the 
unified model. The shell model is a very simple scheme 
based upon the assumptions that each nucléon in the nucleus 
moves according to an average spherical potential, and that 
this motion is independent of the instantaneous positions 
of the rest of the nucléons. There exist two limits for 
such a potential, which fulfill the further requirements 
of consistency with the experimentally indicated nucléon 
density in the nucleus and the short finite extent of nuclear 
forces. For the purpose of calculation of the nuclear 
energy levels, these limiting potentials are the infinite 
harmonic oscillator and the infinite square well. The 
actual nuclear levels are believed to occur somewhere in 
between the levels predicted by these potentials. 
With the addition of spin-orbit coupling to the shell 
model potential interaction, the nuclear level system for 
light nuclei becomes that pictured in Figure 20 (33, P« 58). 
The spin-orbit coupling is added in accordance with experi­
mental evidence that it has a sizeable effect on the nuclear 
interaction, and its addition provides the level scheme with 
large energy separations between certain levels. The system 
of levels obtained is analogous to the Bohr atomic model, 
116 
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Figure 20. Level diagram of nuclear levels for spin-
orbit coupling in a spherical potential 
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and the levels are filled according to the Pauli exclusion 
principle. When two levels are encountered which are widely 
separated in energy, the filling of the lower level is 
analogous to the shell closure of atomic electron levels. 
The closure of a nuclear shell comes at one of several so-
called "magic numbers", and the shell model prediction of 
the magic numbers agrees completely with the experimental 
evidence indicating the presence of the magic numbers. In 
Figure 20, the levels are identified, from left to right, 
by the (n, j, l) quantum numbers describing the nucléon 
orbits for the levels, the number of nucléons which can be 
placed in each level ( = 2j +1), the number of nucléons 
contained through each level, and the magic numbers. 
For nuclei which appear to be approximately spherical 
in shape, the shell model can be used to give quite accurate 
assignments of spin and parity to the first few levels of 
a nucleus, as well as to predict with limited success other 
nuclear properties such as magnetic moment. Semi-empirical 
coupling rules have been developed for the consideration of 
the spins and parities of the ground states of nuclei using 
the shell model. For an odd-A nucleus such as a mirror 
nucleus, these coupling rules state that the ground-state 
properties of the nucleus are found from consideration of 
only the nucléons which are odd in number. The coupling 
rules further regulate the contribution of the odd-numbered 
118 
nucléons by ruling that the total angular momentum is that 
resulting from the coupling of the nucléons in the last 
partially filled level. 
For the particular nuclei studied in this experiment, 
the ground-state spins and parities can be explained cor­
rectly by the shell model. Consideration of the excited 
states is not so unambiguous, however, for single-particle 
excitations are often possible in many ways and there is 
some difficulty in determining the excitations preferred 
for a particular level and in accounting for the effects of 
multiple-particle excitations. The daughter nuclei which 
occurred in this experiment can be described, at least in 
the lower excited states, quite well by the shell model. 
More details of the basic shell model can be found in the 
excellent monograph on the subject by Mayer and Jensen (33). 
The shell model is formulated using an isotropic average 
nuclear potential and considering nucléon motion in this 
potential as being independent of the motions of the other 
nucléons in the nucleus. This formulation yields a nuclear 
level structure analogous to atomic shell structure. How­
ever, the fact that the nuclear potential arises from the 
nucléons themselves provides a basis for departure from the 
comparison of nuclear and atomic models, for the atomic 
model arises from consideration of the motions of electrons 
in an external central potential, provided by the heavy 
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nucleus and indeed, relatively independent of electronic 
motion. Consideration of deformities of the nuclear shape 
which are indicated experimentally in the nuclei whose neutron 
and proton numbers are not close to the magic numbers, has 
led to the formulation of the unified model. This model is 
essentially one in which the individual-particle motion of 
the shell model is coupled with collective motion of the 
nucleus, which is assumed to be much slower. The interplay 
of these motions results in the predictions for nuclear 
properties which are dependent upon the amount of nuclear 
deformation present. 
The unified model has been quite successful in the 
explanation of nuclear levels and properties for heavy nuclei 
which are highly deformed. The mirror nuclei investigated, 
with the exception of Ca^, have neutron and proton numbers 
which are intermediate between the magic numbers 8 and 20. 
There are indications that these nuclei have rather large 
deformations, although many of the properties which lead to 
these indications are satisfactorily explained by the shell 
model. It will be assumed here that the shell model does 
not describe these nuclei so well as does the unified model, 
although this assumption is questionable, but might be 
justified simply because the assignments of nuclear levels 
seem to be less complicated using the unified model than 
for the shell model. 
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Figure 21 (5*+, p. 391 ) shows the levels obtained for 
the unified model as a function of spheroidal deformation 
for light nuclei. This type of nuclear level diagram can 
be continued to the heavier nuclei (55)• & is a nuclear 
deformation parameter, and 1^ is the ratio of the deforma­
tion parameter"to the strength of spin-orbit coupling. 
Positive or negative values for the deformation parameters 
indicate that the nuclear deformation is prolate or oblate, 
respectively. The shell model levels are shown at zero 
deformation, and their degeneracy of (2 j + l) is split into 
(2 j + l)/2 sub-levels as the deformation is turned on. These 
levels can be considered as single-particle levels with 
double degeneracy. 
For highly deformed nuclei, the nuclear rotational 
motions which are possible give rise to bands of rotational 
states with level spacing comparable to the single-particle 
level spacing which are superimposed upon the single-
particle states, making the picture even more complex. These 
bands are characterized by K-values, or the values of the 
projection on the nuclear symmetry axis of the total angular 
momentum for the single-particle state. The spins of the 
rotational states increase by unity with each state in a 
band for odd-A nuclei. The energies of the rotational states 
increase as 1(1 + 1), where I is the spin of the state, for 
all the rotational bands except the K = 1/2 band. Rotational 
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Figure 21. Level diagram of nuclear levels for a spheroidal 
potential with spin-orbit coupling 
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bands in odd-A nuclei for which K = 1/2 are characterized 
by a partial decoupling of the nucléon spin and rotational 
motion interaction, resulting in an anomalous spacing and 
ordering of levels. There is further interaction possible 
between states which have the same spin but are in different 
rotational bands called rotation-particle coupling which 
can make the spin and/or energy order of a rotational band 
anomalous. 
The unified model with high deformations is generally 
successful in accounting for the energy level schemes of 
Ne2"*", Na2^ Mg2^, and P^. Ne2\ Na2^, and Mg2-' all appear 
to have large prolate deformations, if the unified model is 
to be applied to the description of these nuclei. The 
equilibrium deformation of the light nuclei appears to change 
to oblate in the region of Si2® (56), so Al27 is very nearly 
spherical, and P^ is oblate. being nearly doubly 
magic, is not known to be deformed, but may have a small 
prolate deformation. Assignments of the nuclear levels to 
the unified-rotational model levels are found in the litera­
ture for Na2^ (57, 58), Mg2^ (54), and P^ (56). Those made 
21 27 19 below for Ne , Al , and Ky7 were made using analogy to the 
assignments for the other nuclei, where applicable. 
To use the Nilsson scheme (55) for assignment of nuclear 
levels to single-particle or rotational states, an estimate 
of deformation of the nucleus in question must be made, and 
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rotational splittings estimated. For odd-A nuclei, then, 
the single-particle levels are filled in sequence with the 
nucléons of odd number, placing two nucléons in each state 
shown in Figure 21, until the final nucléon is alone in one 
of the single-particle levels. This level is then con­
sidered to describe the ground state of the nucleus, for 
the nucléons of even number and the odd number minus one 
nucléons of odd number filling single-particle levels are 
considered to pair off in the levels they occupy so as not 
to contribute to the nucleus description. Excited states 
are then accounted for using rotational and/or single-
particle excitations on the last odd nucléon. This procedure 
fairly accurately describes assignments for the daughter 
nuclei levels for this investigation. 
The decay schemes of the radioactive nuclei encountered 
in this investigation are shown in Figures 22-27. Figure 
PP 22(a) shows the decay scheme of Ma (59) and the lower 
energy levels of Ne^ (60). The positron decay of Na^ is 
almost entirely a transition to the first excited state of 
22 Ne , and the resultant 1.276 Mev gamma ray was used in this 
experiment for purposes of solid angle determination and 
detector energy calibration. The notation of the decay 
schemes includes spin and parity assignments (when known) 
to the left of a nuclear level, the energy of the level in 
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beta group, and the half-life of the total decay. Figure 
22(b) shows the decay scheme of C"^ (59) and the level 
11 11 diagram for B (60). The C decay was used as a pure 
annihilation radiation source for the Mg2^ study, since no 
branching is energetically possible in this decay. 
PI 
Figure 23(a) is the decay scheme of Fa . The maximum 
end-point energy of Na21 (10, 11), the half life (17), and 
?1 
the energy levels of Ne (6l, 62) are shown. The branching 
which is shown is a result of this investigation. The 
21 
energy levels of Ne are accounted for using the unified 
model with rotational states and large prolate deformation. 
21 The ten protons of Ne do not contribute to the properties 
of its low-lying states, by consideration of the single-
particle coupling rules and orbital symmetry. The eleven 
Pi 
neutrons of Ne fill levels 1-4, and 6 in Figure 21 and one 
neutron is left in level 7, using a deformation of between 
= 0 and = 6, this level giving the Id5/2, k = 3/2 con­
figuration to the ground state. 
By analogy with the coupling found for the eleven 
pi 
protons of Na , the first excited state for Ne is the 
first excited rotational level based on the K = 3/2 ground 
state single-particle level. The second and third excited 
states are not so clear-cut in origin, partly because the 
parity of the second excited state is not known, although 
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excited state is a 2sl/2, K = 1/2 level, then with rotational 
spacing for the K = 1/2 band unusually anomalous, the second 
excited state may be the rotational ground state of the 
K = 1/2 band. This explanation is not unambiguous, however, 
for the large energy separation between the second and third 
excited states make it hard to believe that the 
I = 3/2, K = 1/2 state could be so far below the 
I = 1/2, K = 1/2 state from the decoupling effects of the 
K = 1/2 band and the rotation-particle coupling from higher 
rotational bands. Since the second excited state is 
energetically unfavored for a positron transition, it is 
sufficient to know only the character of the first excited 
21 
state for Ne , which is more confidently assigned as 
ld$72, K = 3/2, I = 5/2. 
Figure 23(b) is the decay scheme of Mg2^. The maximum 
end-point energy (10, 11), the half-life (16), and the 
energy levels of Na2^ (57» 63) are shown, and the indicated 
branching is a result of this investigation. The energy 
levels of Ha2^ have been described in terms of the unified-
rotational model by Paul and Montague (58). The ground 
state is of the configuration ld5/2, K = 3/2, with a deforma­
tion of about H. = 6, while the first, second, and fourth 
excited states are rotational states based on the ground 
state, and the third excited state is the 2sl/2, K = 1/2 
single-particle level. Paul and Montague have calculated 
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the effects of configuration mixing through rotation-particle 
coupling, and their predictions of the level order would be 
accurate through the fourth excited state if a little more 
mixing were allowed, depressing the I = 9/2, K = 3/2 rota­
tional state a little more. Again, for Na2^, only the first 
excited state is of interest when considering branching, 
since energetic considerations greatly hinder transitions 
to higher excited states of Na . 
The decay scheme of Al2-^ is shown in Figure 24(a). The 
half-life (17), maximum end-point energy (10, 11), the level 
scheme of Mg2-' (54, 64, 65), as well as a weak branch in the 
decay (25) are shown. No additional branches to the lower 
excited states were found in this investigation. The energy 
of 
levels of Mg v are well accounted for by the unified model 
(54). The ground state is the Id5/2, K = 5/2 single-
particle level for a fairly small positive deformation, and 
the third excited state is the first rotational excitation 
of the rotational band based on the ground state. The first, 
second, and fourth excited states all belong to the rota­
tional band of the 2sl/2, K = 1/2 single-particle level. 
The deformations which had to be used for this explanation 
were not constant for the different rotational bands, pre­
sumably because effects of rotation-particle coupling were 
not included in this description. 
Figure 24(b) shows the decay scheme of Al2^ (59), which 
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indicates the absence of branching in the decay of Al2^m. 
It might be noted that had branching to the first excited 
state of Mg2^ been present, the resultant gamma ray would 
21 
not have been in the energy range of interest for the Al y 
study, so would not have seriously interfered in this study. 
p O  
Figures 25(a) and 25(b) show the decays of Al and 
Al2^ (59, 66). These decays are pictured here to account 
for the gamma rays observed in the singles spectra of the 
study of Si2^. 
The decay scheme of Si2'7 is shown in Figure 26(a). The 
half-life (16), end-point energy (10, 11), and levels for 
? 7 
Al ' (66) are indicated, but no indication of branching was 
27 found in the study of Si . Since the deformation of the 
p O  
nucleus changes sign around Si (56),  a small positive 
deformation for Al2^ offers a possible explanation of the 
energy levels. The ground state is a Id5/2, K = 5/2 level, 
while the first, second, and fourth excited states of Al2^ 
appear to be reasonably explained as rotational states based 
upon the 2sl/2, K = 1/2 single-particle level. The third 
excited state arises possibly from the ld3/2, K = 1/2 level 
with anomalous rotational spacing or perhaps from the 
ld3/2, K = 3/2 level due to small negative deformation. 
However, the exact assignment of this level is not important 
for this discussion, since a branch to this level is 
energetically hindered to the extent that it might be un-
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detectable with the method utilized in this investigation. 
Figure 26(b) is the decay scheme of S3\ The half-life 
(16), maximum end-point energy (10, 11), and the energy 
level system for P3"^ (67) are indicated along with the 
branching transition found in the study of 83^ in this in­
vestigation. The energy levels of P3^ are fairly well 
described by the unified model (56), using a negative de­
formation of about = -3. The ground state is a 
2sl/2, K = 1/2 single-particle level, and the second excited 
state is the first rotational level in the band based on the 
ground state. This K = 1/2 rotational band has anomalous 
order in that the I = 5/2 state has a lower energy than the 
I = 3/2 state (which forms the third excited state of P3"*"). 
The second excited state belongs to the ld3/2, K = 3/2 
single-particle level. 
Figure 27(a) is the decay scheme for K3® (59), for which 
the 2.16 Mev gamma ray was seen on both the singles and co­
incidence spectra in the study of Ca3^. The decay scheme 
of Ca3^ is shown in Figure 27(b). The half-life (14), end-
point energy (14), and energy levels of K3^ (68) are indi­
cated. No branching was found as a result of the study of 
Ca3^. The ground state of K3^ is ld3/2, K = 3/2, indicating 
the possible presence of a small positive deformation. The 
first four excited states could then be assigned to the 
If7/2, K = 1/2, 3/2, 5/2, 7/2 single-particle levels, but 
K (7.7min) 
3 , Ca39(0.88sec) 
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the absence of experimental values for the spins and parities 
of these levels makes it impossible to have confidence in 
such an assignment. However, due to the large energy gap 
between the ground and excited states, it is reasonable to 
assume that at least some of these excited states are con­
tained in the If7/2 single-particle levels. 
The above decay schemes for the mirror nuclei in­
vestigated were composed of what is considered to be the 
most reliable data to date, and thus represent the present 
experimental decay picture. The assignments of nuclear 
configurations to the daughter nuclei levels were either 
taken from the literature, assuming the unified model 
representation, or assigned by reasonable comparisons with 
others or reasonable assumptions of the nuclear deformation. 
It is to be noted that the shell model representation can 
not be ruled out as being valid in this discussion, since 
it, too, can give reasonable assignments to the level con­
figurations although more complicated excitation processes 
would be necessary for some of the higher excited levels. 
In view of this ambiguity, it stands to reason that a care­
ful theoretical analysis of the level systems of these 
mirror nuclei comparing the unified and shell model repre­
sentations is much needed, and may help remove the ambiguity, 
when more detail is included in the analysis, such as gamma 
and beta transition probabilities, nuclear moments, etc. 
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2. Selection rules and expected branching 
The selection rules for allowed beta-decay transitions 
are stated in the introduction as (A I =0, no) for the 
Fermi interaction and (AI =0, +1 (no 0-> 0), no) for the 
Gamow-Teller interaction. The AI refers to the allowed 
nuclear spin change between initial and final states for the 
interaction, and the "no" refers to no change in parity be­
tween initial and final states for the interaction. 
Transitions which are not allowed by these selection 
rules are known as forbidden transitions, and are much less 
intense than allowed transitions from consideration of the 
resultant nuclear matrix elements. Forbidden transitions 
are classed in two ways, by order and as JL -forbidden. A 
first forbidden transition, for instance, involves a change 
in parity and the spin may change by 0, +1, + 2. For 
n ^  1, an n^-forbidden transition follows the selection 
rules (AI = + n, + (n+1)), with parity change for n odd. 
An /-forbidden transition, which may also be order-forbidden, 
involves initial and final states for which the parities are 
alike, but the orbital angular momenta are different. Since 
X is not a good quantum number for the unified model, transi­
tions can be ^-forbidden only between states described by 
the shell model. For the unified model representation, the 
selection rules for a transition from a state (K^, 1^ TT\) 
to a state (Kf, If) are (69), |l^- If1 ^ L £ Ii + If„ 
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TT = 'ft'jTT'f > |K^ - K^.| £ L, where L is the transition multi-
polarity and IT the parity. Allowed transitions have 
L = 0, 1 and 1T = +. A retardation effect is present for 
K-forbidden transitions, for which = AK - L, if positive, 
is the degree of this forbiddenness. 
For the mirror nuclei in question, if a ground-state 
to excited-state transition is predicted to be forbidden by 
consideration of the selection rules, it would probably 
amount to less than one per cent of the total decay. Also, 
since the excited-state transitions have significantly less 
energy available for decay, the consideration of energetics 
would further decrease the intensities of branching transi­
tions. The possibility of the presence of branching transi­
tions can be determined on the basis of the selection rules, 
using the configuration assignments from the unified model, 
and the consideration of energetics involved in the transi­
tions. 
One more consideration is necessary in the determina­
tion of predictions for branching. Since the beta-decay 
interaction is considered to be a single-particle interaction, 
branching transitions which would involve the interaction 
of two nucléons are not possible under the present construc­
tion of beta-decay theory. Thus, a transition is not pos­
sible when it requires a change in status of more than one 
nucléon during the interaction. 
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The success of the predictions of branching as deter­
mined by the above selection rules depends upon the purity 
of the configurations describing the nuclear levels in­
volved. Configuration mixing in these levels could alter 
the situation greatly, but was not considered in the pre­
dictions. From the fact that rotation-particle coupling 
seems to be important in the assignment of unified model 
levels to most of the excited states of the daughter nuclei, 
it is not unexpected that the branching transitions observed 
may also depend upon the configuration mixing that is 
present. 
A very rough estimate of the branching ratio for transi­
tions to different states of the same rotational band is 
possible by simply taking the ratio of the vector addition 
coefficients which are appropriate for the addition of the 
initial spin and multipolarity to form the final spin in 
each transition (69, p. 11). Such an estimate is rigorous, 
if pure rotational states are involved. However, in the 
nuclei to which branches were observed to rotational states 
based on the ground state, the rotational states could not 
be considered to be pure due to the rotation-particle coupling 
necessary to account for the level energies. 
21 For the decay of Na , the selection rules above result 
in allowed transitions to the ground and first excited states 
of Ne21. A transition to the second excited state of Ne21 
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is possibly K-forbidden for the Fermi part of the interac­
tion, and in addition is energetically unfavored. In the 
21 
experiments on Na , the first excited state branch was 
21 
observed, so that the decay of Na is qualitatively under­
stood on the basis of the unified model. It should be 
pointed out that the shell model can also be used to 
21 interpret the decay of Na with the same result, so further 
study of the interpretation such as using the value of the 
observed branching ratio to compare with calculated values 
would be needed to see which model more accurately describes 
the situation. A crude estimate of the branching ratio 
considering energetic (59} p. 598) and rotational wave func­
tion (69) p. 11) effects gives a value of 13 per cent 
(compared to the experimental value of 2.2 per cent), in­
dicating that the unified model in this crude interpretation 
(using pure configurations) is descriptive of the branching 
only in a qualitative sense. 
P"3 
Mg ° was observed to decay to the ground and first 
excited states of Na23. No other branches appeared by in­
spection of the singles spectra. A branch to the second 
excited state of Na23 is energetically unfavored and second-
order forbidden. A branch to the third excited state 
is energetically unfavored and forbidden since it would 
necessitate a two-particle interaction in the transition. 
This transition would require one Id5/2, K = 3/2 
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proton to decay into a ld5/2, K = 3/2 neutron and further 
require the other ld5/2, K = 3/2 proton to be elevated into 
a 2sl/2, K = 1/2 state. The configuration for the second 
excited state of Na23 is not as easy to assign using the 
shell model as it is using the unified model, so it appears 
that the unified model satisfactorily describes, at least 
qualitatively, the situation. An estimate of the branching 
intensity from energetic and rotational wave function ef-
21 fects, such as was done for Fa , yields a value of 11 per 
cent, which is surprisingly close to the observed value of 
9.1 per cent. 
2e) No branching to the first two excited states of Mg . 
was observed in this investigation for the decay of Al2^. 
The unified model interpretation of the levels involved al­
lows transitions to the ground and third excited states of 
2 *7 Mg J. Branching to the first and fourth excited states is 
second-order forbidden, while branching to the second excited 
state is K-forbidden. Transitions to higher energy levels 
of Mg y are energetically unfavored. The absence of branch­
ing as determined by this study to the second excited state 
of Mg J indicates that K must be at least approximately a 
good quantum number. The unified model appears again to 
describe the situation satisfactorily, since the considera­
tion of branching using the shell model would allow a transi­
tion to the second excited state, using the simplest con­
l4l 
figuration assignment of the last odd neutron in the ld3/2 
level. From energetic considerations alone, which can be 
considered an upper limit for the shell model representation, 
the branching to this level is estimated at about 25 per 
cent. The transition allowed to the third excited state 
using the unified model has been observed by Maeder and 
Stahelin (25) to be of very low intensity. A crude estimate 
of this intensity using energetic and pure rotational wave 
pi 21 function effects as was done for Na ~ and Mg 3 gives about 
2 per cent for this intensity (compared to the experimental 
value of 0.1 per cent), so some further effect due to con­
figuration mixing may be necessary to place the unified 
model in more quantitative agreement for this value. Further 
calculations of the predicted branching intensity need to 
be made for comparison with the data using both the unified 
and shell models to be able to determine the accuracy of the 
description of each model. 
27 The decay of Si was observed in this experiment to 
contain no branching. The use of the selection rules allows 
only the ground state transition. Branching to the first 
27 
and second excited states of Al ' is second-order forbidden 
and K-forbidden, respectively, besides being forbidden be­
cause it involves a two-particle transition in each case, 
as does branching to the third excited state. Branches to 
27 higher excited states in Al ' are energetically unfavored. 
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27 The shell model representation of the levels of Al would 
also have forbidden excited-state branches for the reason 
that two-partide transitions would be needed, so no 
preference can be given to the unified or shell model 
descriptions using just this evidence. 
A branch was found in this investigation to the first 
excited state of P3"*" in the study of the decay of S^. The 
selection rules allow only the transition to the ground 
state of P3"*". A branch to the first excited state is for­
bidden since it would involve a twc-particle transition, 
while the second excited-state branch is second-order for­
bidden. Branches to the higher excited states of P3^ are 
energetically unfavored. Since the shell model and unified 
model, with pure configurations, predict the same degrees 
of forbiddenness for branches in the decay of S3\ no 
preference can be given to either representation on the 
basis of the experimentally observed branch. 
The presence of the branching transition in the decay 
of S31 can be explained on the basis of the configuration 
mixing in the spherical shell model description of the 
ground state of P3^, as found by Parkinson (70). Using the 
shell model representation, Parkinson found the ground state 
11 
of Pu to be principally an admixture of three configura­
tions, the principal configuration of n(2sl/2)2p(2sl/2)1, 
with admixtures of the n(2sl/2)2pl>(2sl/2)1(ld5/2)~1(ld3/2)'9 
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and n [(2sl/2)1(ld3/2)1] PC2S1/2)1 configurations. It is 
reasonable to assume that the ground state is also an 
admixture mostly of these three states. The first excited 
state of can be assumed to be made up of single-particle 
excitations of the ground-state configurations. There is 
no zero-order transition possible between the principal 
configurations of the ground state and P3^ first excited 
state. One of the excited state configurations is that of 
nf(2sl/2)1(ld3/2)1]p[(2sl/2)2(ld5/2)~1], and this configura­
tion can participate in an allowed first-order intensity 
beta transition from the principal configuration of the 
ground state. There exist possibilities for other al­
lowed transitions between the admixture configurations of 
11 11 the Su ground state and P first excited state which are 
then of second-order intensity, and so give a small con­
tribution. The excited state of P3^ can then de-excite, 
causing the emission of the 1.27 Mev gamma ray observed in 
the experiment. 
This same argument for the branching of the decay 
via non-pure configurations can also be carried out using 
the unified model, for which the configurations 
(2sl/2,  K = 1/2),  (ld3/2, K = 3/2),  and (ld5/2, K = 3/2) are 
substituted for the 2sl/2, ld3/2, and Id5/2 shell-model 
configurations, respectively. The configurations of the 
unified model are not expected to be pure configurations 
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since admixtures had to be assumed to explain the energy 
level order of (56). 
The decay of Ca3^ was not observed to have any branching 
in this investigation. Assuming that the first three ex­
cited states of are not rotational levels based on the 
ground state but are instead single-particle levels of the 
If7/2 type which are slightly separated from the effects of 
small nuclear deformation, any transition to these states 
would be a two-particle transition besides being first-order 
forbidden. Branches to higher states are energetically un­
favored. When the spins and parities for the levels of 
are known, the preference between shell model and unified 
model descriptions for the decay of Ca3^ should be seen more 
easily, since both models predict the absence of branching 
with reasonably assumed configurations. 
It is to be noted that the unified model, while 
satisfactory to explain the findings of this experiment, is 
not unambiguously a better description than is the spherical 
shell model for the nuclei included in this investigation. 
The assignment of configurations to the daughter nuclear 
levels is not so easy using the shell model when the third 
or fourth levels come into consideration, but it is no less 
easy to assign the mixture of configurations necessary to 
account for the spacing of these levels using the unified 
model. It is hoped that the future may reveal more detailed 
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analyses of these decays using both models and perhaps these 
analyses can remove the ambiguity in the present interpreta­
tions. 
B. Comparative Lifetimes 
The comparative lifetimes previously reported (11, l4) 
for the mirror nuclei investigated in this experiment were 
calculated with the assumption that no branching existed in 
the decays of these nuclei. The fact that branching does 
exist in the decays of Na2\ Mg23, and S3"*" alters the 
comparative lifetimes for the ground-state to ground-state 
transitions since the decay probabilities for these transi­
tions are no longer as large as had been thought. 
The change in the comparative lifetimes which results 
from branching is made through the half-lives, then, as fol­
lows : the total decay probability of a radioactive decay is 
the sum of the decay probabilities for each transition by 
which the decay can occur. For the purpose of this in­
vestigation, in which an indication was found for no more 
than two transitions in any decay, the total decay probability 
can be written 
"total* 4% = n(1)+ "(2) = ln2 (1/t(|' + , 
2 
where (l) and (2) refer to the ground-state to ground-state 
and ground-state to excited-state transitions, respectively. 
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In terms of the branching ratio as defined in this experi­
ment, the values for t^"P and t^"P can be found easily, for 
(2 )  ^  ^  then N = N, so that 
and 
t^i"^ = ti/(l - & ) . 
2 2 1  
An appreciable correction to the comparative lifetime is the 
result only for the case of Mg23, due to the intrinsic un­
certainty in the presently available values for ground-state 
to ground-state comparative lifetimes. Table 1 lists the 
comparative lifetimes for the nuclides covered in this in­
vestigation. The values of f were calculated with the f-
function tables of Moszkowski and Jantzen (71)? using the 
end-point energies given and the half-lives as modified by 
branching. The references are given for end-point energies 
and uncorrected half-lives. 
Table 1. Comparative lifetimes for the nuclides studied in this experiment 
Parent Daughter End-point Total t. ,p Transition ft Refer -
isotope level energy (Mev) (sec) tn yo (sec) (sec) ences 
(Mev) 
Na21 0 2.51 + 0 .  02 23.0 + 0 .  2 23.5 + 0.2 3910 + 150 
1—1 H
 17) 
0.3^7 2.16 + 0 .  02 1045 + 140 90400 + 11900 
Mg23 0  3.09 + 0 .  01 12.1 - r  0 .  1 13.3 + 0.1 5490 + 100 (11, 16) 
0.440 2. 65 -L 0 .  01 133 + 7 27700 + 1600 
Al2? 0 3.38 + 0 .  03 7.15 + 0 .  12 7.16 + 0.12 4300 + 190 (11, 17) 
1.612 1.77 + 0 .  03 7150 + 9  247000 + 9  
Si2? 0 3 - 8 5  + 0 .  02 4.14 + 0 .  03 44io + 130 (11, 16) 
S31 0 4.39 + 0 .  03 2.72 + 0 .  02 2.75 + 0.02 5l6o + 170 (11, 16) 
1.267 3-12 + 0 .  03 247 + 22 98900 + 10200 
Ca3? 0 5.490 + 0 .  025 0.88 + 0 .  01 4330 + 100 (14, 14) 
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V. SUMMARY 
The experimental knowledge of the decays of mirror nuclei 
was found to contain little information about possible branch­
ing in these decays. In this investigation, branching was 
studied in the positron decays of Na2\ Mg2°, Al^, Si2"*7, 
S^1, and Ca^. These activities were produced by bombardment 
of their respective natural elements in the X-ray beam of 
the Iowa State University Synchrotron. 
The branching of transitions was determined by looking 
for nuclear gamma rays in fast coincidence with the positron 
annihilation radiation. The search was restricted to gamma 
rays which had energies expected from a consideration of the 
nuclear levels for the daughter nuclei. Interference in the 
gamma-ray spectra which was due to the intense annihilation 
radiation was minimized by geometrical arrangement of the 
coincidence detectors. 
The decays of Al2-^, Si2'7, and Ca^ had no branching 
intense enough to be observed using this method. Upper 
limits for branching in these decays wer<= estimated, and 
were less than one per cent. Branching which had not been 
21 
reported previously was found in the decays of Na (2.2 per 
cent), Mg2^ (9.1 per cent), and (l.i per cent), each 
branch proceeding to the first excited state of the daughter 
nucleus. 
Except possibly for and Al2^, the daughter nuclei 
149a 
can be interpreted as having rather large nuclear deforma­
tion, so an attempt to describe the daughter states and the 
presence of branching was made using the concepts of the 
unified model. This description was generally successful 
in accounting for the qualitative aspects of the observed 
branching, and no attempt was made to extract accurate ex­
pected intensities of branching from the unified model for 
comparison to the experimentally determined intensities. 
The comparative lifetimes for the main and branch transi­
tions were calculated. 
It is conceivable that further refinements of the meas­
urements of this investigation could be developed, particular­
ly with regard to increasing the sensitivity of the method. 
Much experimental work is also needed to obtain more ac­
curate values of the end-point energies of the decays and 
the total decay half-lives. 
Much theoretical work in the interpretation of the data 
is necessary, using the viewpoints of both the unified and 
spherical shell models. The unified model interpretation 
of the results of the experiment is certainly not un­
ambiguously preferable to possible interpretations based on 
the spherical shell model, except in the case of Al2-'. For 
this transition, the unified model predicts no branching 
to the second excited state of Mg y, in agreement with the 
results of this investigation, while such a branch is ex­
149b 
pected under the shell model interpretation. Only detailed 
theoretical consideration of the present experimental data 
can hope to resolve the general ambiguity which shows up 
in the description of mirror nuclei. 
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